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ABSTRACT OF THE DISSERTATION
NOVEL STRUCTURAL HEALTH MONITORING AND DAMAGE DETECTION
APPROACHES FOR COMPOSITE AND METALLIC STRUCTURES
By
Shervin Tashakori
Florida International University, 2018
Miami, Florida
Professor Ibrahim Nur Tansel, Major Professor
Mechanical durability of the structures should be continuously monitored during their
operation. Structural health monitoring (SHM) techniques are typically used for gathering
the information which can be used for evaluating the current condition of a structure
regarding the existence, location, and severity of the damage. Damage can occur in a
structure after long-term operating under service loads or due to incidents. By detection of
these defects at the early stages of their growth and nucleation, it would be possible to not
only improve the safety of the structure but also reduce the operating costs.
The main goal of this dissertation is to develop a reliable and cost-effective SHM system
for inspection of composite and metallic structures. The Surface Response to Excitation
(SuRE) method is one of the SHM approaches that was developed at the FIU mechatronics
lab as an alternative for the electromechanical impedance method to reduce the cost and
size of the equipment. In this study, firstly, the performance of the SuRE method was
evaluated when the conventional piezoelectric elements and scanning laser vibrometer
were used as the contact and non-contact sensors, respectively, for monitoring the presence
of loads on the surface. Then, the application of the SuRE method for the characterization
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of the milling operation for identical aluminum plates was investigated. Also, in order to
eliminate the need for a priori knowledge of the characteristics of the structure, some
advanced signal processing techniques were introduced. In the next step, the heterodyne
method was proposed, as a nonlinear baseline free, SHM approach for identification of the
debonded region and evaluation of the strength of composite bonds. Finally, the
experimental results for both methods were validated via a finite element software.
The experimental results for both SuRE and heterodyning method showed that these
methods can be considered as promising linear and nonlinear SHM approaches for
monitoring the health of composite and metallic structures. In addition, by validating the
experimental results using FEM, the path for further improvement of these methods in
future researches was paved.
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CHAPTER 1
1.
1.1.

INTRODUCTION

Motivation

Structural health monitoring (SHM) is the process of gathering wide-ranging information
from a structure in order to illustrate the current state of the structure and indicate the
existence, location, and severity of damage when damage occurs [1]. In recent years, there
has been a growing understanding of these damage prognosis systems and their significant
impact on aerospace, civil and mechanical structures [2]–[10].
Statistic data show that only in the United States, the cost of the service and maintenance
of facilities is more than $200 billion each year. For instance, about a third of bridges in
the US require repairs or replacement. Also, maintenance and repairs of commercial
aircraft are almost equal to a quarter of the operating costs [11]. Based on statistics provided
by the U.S. Department of Transportation (DOT), in the span of 20 years (1997-2016),
only in oil, gas, and hazardous liquid industries, there have been 11496 incidents which
caused 324 death and 1331 injuries and a total cost of $7,050,142,502 [12]. The Columbia
Space Shuttle tragedy is another example that demonstrates a crucial need for effective and
accurate SHM systems in aerospace structures to guarantee high levels of reliability and
safety [13].
Extreme incidents or lasting performance under service loads, such as fatigue and
corrosion, may damage a structure and result in a failure. Damage can have a significant
impact on the physical properties of the structure, such as mass and stiffness, and
deteriorate its functioning. Therefore, by detection of the damage at early stages, it would
be possible to not only improve the safety, reliability, and integrity of the structure but also
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minimize the cost of maintenance and the possibility of the catastrophic failures. while
current inspection methods have shown a lot of potentials and have several benefits, they
may not be applicable in certain scenarios and it seems that the necessity of providing a
more accurate and effective SHM method for a certain type of damages is undeniable [14].
1.2.

General Principles of SHM Approaches

Structural health monitoring technology has the potential to change the maintenance
procedures by replacing the schedule-based procedure with the condition-based procedure
and in this way, reduce the time duration that structures are offline. Therefore, the
operations will be more cost-effective and labor requirements will be minimized.
In the recent years, composite materials have won a significant popularity in airspace
design due to their high strength-to-weight ratio in comparison with conventional
materials. However, their need for adhesive bonding in addition to riveting and bolting can
reduce the benefits of using these materials on aircraft structures and with the daily increase
of application of these materials in commercial and military aircraft, the longevity of
composite bonds has become a substantial factor in the aerospace industry. Structural
health monitoring techniques can raise the confidence levels for using these materials in
the aerospace industry by detecting damage in early stages.
Essentially, an SHM system includes a network of sensors for collecting the data, the data
acquisition device to transfer the collected data to the processor and the processing system
for analyzing the data and evaluating the health of the structure. SHM methods can be
divided into passive and active methods (Figure 1). Passive SHM methods do not contain
any actuators as part of their systems and evaluate the structural health by using a variety
of operational parameters [2]. Among the passive methods, Acoustic Emission (AE) is one
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of the most popular for identification of developing defects in planar composite materials
[15]–[18]. Acoustic Emissions are created by the generation of transient waves due to the
rapid release of strain energy within the damaged composites after a defect is developed.
Active methods, however, excite the system using appropriate excitation signals and
monitor the response of the system. These methods are the most effective SHM methods
for estimation of the location, severity, and type of defects [19]–[24].

Active

Passive
Sensors

Sensor

·
·
·
·

PZT
AE sensor
Strain gage
Fiber optic cable

Actuators
Alternating
load
One or more
sensor and actuator

Damage
Damage

Figure 1 Passive and Active SHM methods

Active methods use ultrasound waves since they can propagate in any media except a
vacuum. Bulk waves and guided-waves are two ultrasonic waves that are mostly used in
SHM active methods. Bulk waves are more easily understood since they have constant
speed at each frequency, but on the other hand, they only can be used for point by point
measurements. Guided-waves (GW) are used for the monitoring of larger structures due to
their long-distance propagation capability. The group and phase velocity of GW change
with the frequency and mode of excitation. Therefore, a wave can propagate with different
speeds along the structure and the propagation of the wave at different speeds will result in
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wave distortion which makes it complicated and difficult to analyze (Figure 2). In reality,
each one of the frequencies and modes (anti-symmetric and symmetric) of excitation signal
are sensitive to the certain type of damage and makes the selection of excitation frequency
mode extremely crucial for single excitation frequency approaches. Lamb waves methods
are the most established approaches among single excitation frequency approaches
specifically in the plate and shell-like structures.

Figure 2 Lamb wave dispersion curves for two different Poisson's ratios (A: Antisymmetric, S: Symmetric) [25,26]
Also, it would be possible to excite the structure with the wide range of frequencies and
evaluate the health of the structure based on the frequency response of the system. The
Electromechanical Impedance (EMI) method is the well-known technique among
broadband frequency approaches. It has been shown that the defects will change the
mechanical impedance of the structure and as a result, the frequency response of the
structure will change. However, there are some drawbacks to this method. The main
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processor of EMI method is an Impedance Analyzer. This device is considered bulky and
costly for many applications. In recent years, few cheaper and more compact alternatives
for the EMI method have been introduced.

Figure 3 Impedance Analyzers

1.3.

Linear and nonlinear SHM approaches

As opposed to the aforementioned linear SHM approaches, which are primarily focused on
the linear characteristics of the structures including time of flight, reflections from defects
and the impedance of the structures, there are nonlinear methods. Recently, researches have
shown that some types of damage including debonding, cracks and delamination change
the linear behavior of structure into nonlinear. It is possible to detect the development of
these defects by recognition of the nonlinear behavior [34-39]. In these methods, there is
no need for collection of the reference (baseline) data from the pristine structure for further
processing. Nonlinear elastic wave spectroscopy (NEWS) methods are most prevalent
approaches in this area and are able to detect the nonlinear behavior of structures at early
stages [40-52]. The application of harmonics and sum and difference frequency is the main
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factor for damage detection in these methods. In these methods, the structure is excited
continuously using two signals with two separate frequencies simultaneously, and health
inspection of the structure is based on the harmonics of the two waves, and their sum and
difference frequencies. Pristine structures are linear in their response to the two waves,
while the damaged ones are converted to highly nonlinear systems which can be shown by
harmonics and sideband generation [27].
Non-linear wave modulation spectroscopy (NWMS) and non-linear resonant ultrasound
spectroscopy (NRUS) are well-known NEWS methods. In the NWMS approach, two
different actuators are used to excite the structure at very low and high frequencies. NRUS
is a resonance-based technique which can detect the nonlinearity in damaged structures. In
NRUS, the resonant frequency of the structure is considered as the main factor and the
elastic nonlinearity can be detected by a shift in the resonance frequency [28].
Although the selection of appropriate excitation frequencies plays a pivotal role in the
progress of damage detection, researchers were not able to come up with a practical and
efficient approach for the assortment of proper frequency combinations.
1.4.

Most Commonly Used Transducers in SHM and NDT/NDE Systems

The most common transducers in the SHM systems and the NDT/NDE industry including
fiber optic sensors, piezoelectric sensors, and magnetostrictive sensors play a pivotal role
in the monitoring of the numerous physical or chemical parameters related to the health
and durable service life of structures.
Fiber optic sensors are one of the most popular sensors in smart structures applications due
to their small size, the possibility of networking with a large number of sensors, flexibility

6

to be bonded on the surface or embedded in the structure, higher bandwidth capability [29],
[30]. However, their high price has been their main disadvantage in some applications.
Magnetostrictive sensors are another promising transducer in guided-wave SHM methods
[31]. They are flexible to be bonded on the surface or embedded in the structure, capable
of being used as both a sensor and actuator and not expensive. However, they have not
been studied enough and the characterization of this type of transducers is still under
evaluation. Hertzian contact transducers and lasers are another type of transducers for the
offline monitoring of the structures but they are not useful for SHM due to the size,
specifically in the aerospace industry where the mass and size of the transducers are
essential factors [32], [33]. PZTs are most commonly used transducers in structural health
monitoring applications. They are not only light, small and inexpensive, they are also
convenient and capable of being used as both a sensor and actuator.

Figure 4 Different types of sensors
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1.5.

Summary and Scope of this Thesis

The main goal of this dissertation is to improve and modify the existing SHM approaches
for new applications and also develop a reliable and cost-effective SHM system for bond
inspection. Since ceramic piezoelectric wafer transducers are mostly smaller and more
compact compared to the common transducers which are used in nondestructive evaluation
approaches, they are the most popular option for SHM researchers. In this study, PZT
transducers were chosen as actuators and sensors for all experimental setups. In the course
of experiments, several signal-processing techniques in time and frequency domains were
utilized.
Objectives of the study are as follows:
·

It has been shown that the dynamic response of the structure is not only sensitive
to defects but is also sensitive to loading. The performance of the surface response
to the excitation method as a low-cost alternative for Electromechanical Impedance
based methods in some load monitoring applications was investigated (sensing data
in a fraction of a second by triggering technique and using Power Spectral Density
(PSD) technique to filter low-frequency noise).

·

The quality of the part may be evaluated while geometric features such as holes and
slots are created during the machining process. The feasibility of the modified
SuRE method was evaluated for inspection of the quality of the machined features
on aluminum plates.

·

Composite materials have gained popularity in high tech applications due to their
high strength-to-weight ratio and durability against corrosion. Composite parts
may be joined by using adhesive bonding and/or fasteners including rivets and
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bolts.

Weakening or partial separation of bonded regions or delamination

drastically reduce the strength of the structure and may lead to failure. A low cost
and reliable SHM approach for bond inspection of composite materials based on
heterodyning effect were developed.
·

By using finite element simulation software, a theoretical justification for the
validity of SuRE and heterodyning method was provided.

These four areas are individually addressed in the subsequent chapters of this thesis. In the
end, the main contributions of this thesis are summarized and future possible directions of
research are suggested.
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CHAPTER 2
2.

THEORETICAL BACKGROUND

The theoretical backgrounds for the SuRE and heterodyne effect are explained in the
following section by considering a simple experimental setup as a linear and nonlinear
methods, respectively.
2.1.

Surface response to the excitation (SuRE) method as a linear method

In the electro-Mechanical based methods, Piezoelectric lead Zirconate Titanate (PZT)
transducers are used as the actuator. Based on their characteristic feature, they are able to
excite the surface of the structure in a broad frequency range in response to an applied
electric field. On the other hand, they are also able to be used as a sensor and generate
electric charge in response to an applied mechanical stress. By creating a defect in the
structure, the mechanical impedance of the structure will change and this change will
reflect on the response of the system which is the electrical signal of the PZT that is used
for recording the response of the system. By monitoring the response signal of the structure,
we are able to detect the presence of structural damage at early stages.
Shown below is the strain formulation for a constitutive model of a general onedimensional piezoelectric material which show their ability to generate an electrical charge
in proportion to an externally applied force [34, 35]:

Integrating
 D   T
 
 S  d 33

nd 33 V 
Q   C
 
 
   nd 33 1 / K a  f 

OR

d 33  E 
 
s E T 

Q  C (1  k 2 ) nd 33K a V 
 
 
K a   
 f    nd 33K a
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In these equations, D is electrical flux density, S is a mechanical strain, 𝜀 𝑇 is permittivity
in constant stress, d is piezoelectric charge coefficient, 𝑆 𝐸 is compliance in constant
electrical field, E is electrical field, T is mechanical stress, V is voltage, f is total force, C
is capacitance measured with no force, Ka is stiffness when V=0, k is electromechanical
coupling factor, Q is the total charge of electrodes of the transducer, and Δ is the total
elongation.
In this thesis, a modified surface response to excitation (SuRE) method has been
implemented for monitoring and identifying different levels of load on a structure and
characterization of milling operation for identical aluminum plates. Normally, in the SuRE
method, the surface of a structure is excited by a sweep sine wave over a certain frequency
range using a piezoelectric transducer and an additional piezoelectric transducer is used on
the other side of the structure to sense the dynamic response of the system. The frequency
spectrum of the signal (x(t)) is then obtained by using Fast Fourier Transform (FFT) [36].
The frequency response of the structure is consistent as long as there is no change in the
system. However, when the condition changes, in terms of applying load or appearance of
the defect, a different frequency spectrum is obtained.
In order to quantify the difference between pristine and damaged structure, the sum of the
squared differences (SSD) of FFT of frequency response is calculated, as shown in
equation (1):
m

SSD   Bm1  Rm1

2

(1)

i 1

Here, B and R are the FFT of baseline and loaded structure responses, respectively, and
also m denotes the size of FFT.
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In the load monitoring study, instead of FFT approach for calculating damage metric,
power spectral density (PSD) of the frequency domain data was employed to decrease the
effect of noise and also to increase the resolution of primary features:

PSD 

2.2.

1
2
 X(f )
f

(2)

Heterodyning effect as a nonlinear method

Many communication systems and optical measurement devices use the heterodyning
method to transfer information between different frequency bands without any information
loss. The main component of a heterodyne system is the nonlinear component which is
called the mixer. Diodes and transistors are the typical nonlinear components of electrical
engineering applications, which are used as the mixer. For the implementation of the
heterodyning method in SHM applications, the structure is excited at two different
frequencies. As long as the structure is in pristine condition, these two frequencies are the
main components in the response of the structure to the excitation. That is, when two metal
plates are held together with well-tightened bolts, the contact surfaces have elastic
deformations and behave like a unit solid plate. Well-built composite plates also behave
in a similar manner either they are used as a single panel or they are held together with
well-built joints. Adhesives or fasteners may be used for holding composite plates
together. The following equation represents the general form of the excitation signals and
also response signals:

v0  av1  bv2  a sin(1t )  b sin(2t )

12

(3)

Where a and b are the amplitudes of the signals and 𝜔1 ,𝜔2 are the angular frequencies of
the excitation signals. If a defect such as a crack, loose bolt or delamination exists in the
system, there is not perfect contact between surfaces of plates or layers and very small gaps
appear at the debonded or delaminated regions of the composite plates. In the absence of
the appropriate surface pressure, the surfaces of plates held together with the bolts are in
light contact with each other. Therefore, the waves created by the excitation signals on one
plate propagate to the other surface after going through some certain alterations which
cause the nonlinear behavior of the structure when it is subjected to bitonal excitation. The
signals which move to the mating plate or layer with the influence of the defect will have
nonlinear characteristics. The following equation represents the general expected form of
the response in the second plate:

v0  av1  bv2  c(v1  v2 )2  d (v1  v2 )3  

(4)

 a sin(1t )  b sin(2t )  c cos(21t )  d cos(22t )  e cos((1  2 )t )  f cos((1  2 )t )  

Equation 4, represents the nonlinear response of the structure which contains the harmonic
signals at two original excitation frequencies (𝜔1 ,𝜔2 ) and the new frequencies at the
summation and subtraction of the original excitation frequencies. The schematic of the
wave transmission process between the surfaces of two adjacent plates with a small gap is
presented in Figure5 and is explained via numerical simulation.
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Figure 5. Transfer of surface excitation from one plate to the other a) Partial transmission
of the excitation signal from one plane to the other one b) Expressions and the
corresponding waves.
Two harmonic signals v1  sin(1t ) and v2  sin(2t ) were added in order to generate the
surface waves at the bottom plate. The top surface will be subjected to excitation only if
the waves of the bottom plate reach it. The transferred waves to the top surface are
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indicated with dark blue lines in Figure1a. The frequency spectrum of the transferred wave
was calculated and presented at the bottom of the Figure5b. In this graph, the new
frequency components at the summation and subtraction of the excitation frequencies in
addition to the original excitation frequencies can be seen.
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CHAPTER 3

3.

IMPLEMENTATION OF LINEAR METHODS
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3.1.

Load monitoring

Surface response to excitation (SuRE) method is a low-cost alternative to the
electromechanical impedance-based structural health monitoring (SHM) technique. The
SuRE method uses one piezoelectric transducer to excite the surface of a structure with a
sweep sine wave. Piezoelectric sensors or scanning laser vibrometer could be used to
monitor the dynamic response of the structure.
In this study, the performance of the SuRE method was evaluated when the conventional
piezoelectric elements and scanning laser vibrometer were used as a contact and noncontact sensors, respectively, for monitoring the presence of loads on the surface. In order
to determine the accuracy and reliability of both monitoring approaches in detecting
changes in the level of applied load, three different experimental setups were studied. The
response of system in the presence of single and double loads and its performance in
detecting tightness in nut and bolt system were investigated. The spectrum of the dynamic
response is collected at the optimal operating condition. Any significant change of the
spectral characteristics may indicate defects, improper loading or loose fasteners. The
performance of the SuRE method using contact and non-contact sensors indicated that both
variations of the method could be successfully used in load monitoring applications.

3.1.1. Introduction
In the last few decades, active SHM techniques especially guided waves based methods
such as wave transition methods [37-39] and Impedance based methods [40, 41] have
received a lot of interest. Timely detection of defects using SHM methods plays a pivotal
role in maintaining the required level of integrity and safety in different industries. It is
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well established that dynamic characteristics of a structure are sensitive to certain changes
in structure. Over the last few years, many studies have been performed to improve the
understanding on the interaction between defects and changes in the dynamic response of
structures. A considerable amount of research in this field mainly focused on damage
detection and localization in plate structures [42-50].
In the Electromechanical Impedance (EMI) method, the health of the structure will be
investigated by measuring the mechanical impedance of the structure using piezoelectric
transducers [49]. However, impedance analyzers are extremely costly and there have been
attempts at replacing with cheaper alternatives such as cheaper electronic circuits [51-54].
Also, other variations of this method, such as the SuRE method, have been recently
introduced which eliminated the need for the impedance analyzer [54-57].
It has been shown that the dynamic response of a structure is not only sensitive to defects
but it is also sensitive to loading [44,47,58]. Annamdas et al. used the electromechanical
impedance method for monitoring of load on a carbon steel gear specimen [59]. The US
Army Construction Engineering Research Laboratory also reported the use of the
electromechanical impedance method in load monitoring application for unreinforced
masonry wall specimens and masonry wall reinforced with composite overlays [60].
Electromechanical impedance approaches have been also utilized in the monitoring of boltjoints structures and investigation of loose bolts [61, 62]. However, the interaction between
loads and dynamic response of structures, which normally is recorded by bonded
piezoelectric transducers, is not well understood yet. In this experiment, the performance
of the SuRE method as a low-cost alternative for EMI based methods in some load
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monitoring applications was studied. The conventional piezoelectric elements and
scanning laser vibrometer were used in the course of the experiments. Successful
performance of the SuRE method in load monitoring applications in three different
scenarios, including the response of the system in the presence of a single load and double
loads and its performance in detecting tightness in a nut and bolt system in aluminum plate,
was shown.

3.1.2. Experiment
In the SuRE method-based structural health monitoring, the range of excitation is typically
between 1-250 kHz. The choice of appropriate excitation band highly depends on the
characteristic length of damage to be detected. Therefore, the wavelength of excitation has
to be smaller than the characteristic length of the damage of interest. However, when it
comes to load monitoring, the prior supposition is not applicable anymore since the damage
is associated with a change in the value of the force and there is no characteristic length to
be measured. In this study, first, a very broad excitation range is used to acquire the general
response of the system. Then, by analyzing the response, the frequency range containing
the first 50 peaks is chosen for further examination. This is because this area shows a
greater dynamic interaction within the excitation range. It has to be noted that having a
higher response amplitude does not necessarily mean that the area is going to be sensitive
to changes in loading. Therefore, this area has to be narrowed down to a shorter range of
frequency where it shows monotonic behavior to any increase or decrease in applied load
which could be done using trial-and-error method.
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In this study, the response of the plate to a sweep sine wave in excitation range of 1-400
kHz is obtained and shown in Figure 6. The sampling frequency was chosen to be 5 times
larger than the highest excitation frequency.
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Figure 6 FFT response of plate for 1-400 kHz
From Figure 6, it can be seen that the range of 1-200 kHz has a higher dynamic interaction
within the excitation range and it is chosen for further examination. Then, this area is
narrowed down to 1-50 kHz by the trial-and-error method. The results of that are shown in
the following sections.
3.1.3. Load monitoring
In this study, weights and bolts were used in order to study the effectiveness of load
monitoring using the SuRE method. Non-contact and contact methods of data acquisition
using laser vibrometer and piezoelectric sensors were applied. In the course of the
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5

experiments, different combinations of loading positions and types were examined. A
schematic of the experimental setup is shown in Figures 7, 8.

Figure 7 Experiment schematic
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Figure 8 Experiment schematic

3.1.4. Results and discussion
3.1.4.1.

Application of a single load at the center of a plate

In this test, applied force was increased from F1 to F3 using 1 lbs. steps. The schematic
and experimental setup is shown in Figure 9. The collected results from piezoelectric
sensors and the laser vibrometer are shown in Figures 10, 11, 12 and 13.
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Figure 9 Experimental setup for single load into the center of the plate
Using PZT for data collection, PSD of the frequency response of the plate for baseline (no
load) and each of the applied loads was acquired. Results are plotted in Figures 10, 11 and
it can be seen as the load is increased, the amplitude of the PSD monotonically decreases.
The peak at 30 kHz is magnified to demonstrate the dominant trend that could be seen in
the majority of other peaks of the spectrum.
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Figure 10 Comparing FFT of different applying forces using PZT for data collection
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Figure 11 comparing SSD of different applying forces using PZT for data collection
In a non-contact approach, a laser vibrometer was utilized for collecting the response. After
calculating PSD of responses for each step of loading, the same behavior was observed, as
can be seen in Figure 12, 13.
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Figure 13 comparing SSD of different applying forces using laser vibrometer for data
collection

3.1.4.2.

Application of two sets of loads

To show the capability of the SuRE method in monitoring multiple loads, two loads were
simultaneously applied in different locations of the aluminum plate. Applied loads were
increased from F1 to F3 using 0.5 lbs. steps in each point. The schematic of the
experimental setup is shown in Figure 14. The collected results from piezoelectric sensors
and the laser vibrometer are shown in Figures 15 and 16, respectively.
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Figure 14 Experimental setup two loads
Similar to the application of a single load, a PZT was used for excitation and a second piezo
recorded the response of the plate for baseline and each of the steps after applying loads.
PSD of recorded signals is represented in Figure 15, 16.

6

x 10

-3
-3

Baseline
F1
F2
F3

x 10
3

5

2

|Y(f)|2

4

1

3

2.92 2.925 2.93 2.935 2.94
4

x 10

2

1

0

0

0.5

1

1.5

2
2.5
3
Frequency (Hz)

3.5

4

4.5

5
x 10

Figure 15 comparing FFT of different applying forces using PZT for data collection
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Figure 16 comparing SSD of different applying forces using PZT for data collection
In order to examine the validity of the SuRE method for monitoring the presence of
multiple loads with the aid of non- contact sensors, a laser vibrometer was utilized for
collecting the response, as shown in Figure 17, 18.
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Figure 18 Comparing SSD of different applying forces using laser vibrometer for data
collection

It can be seen that the aluminum plate shows similar behavior when it is subjected to
multiple loads. That is, amplitudes of the PSD of response signals decrease as the applied
force is increased from F1 to F3.

3.1.4.3.

Application of the SuRE method in finding a loose bolt

In another study, the SuRE method was applied to monitor the state of tightness in
mechanical fasteners. A system of a nut and bolt was utilized to vary the tightness of a
bolting system in 4 steps using predetermined torques from 2-5Nm in 1Nm steps, as can
be seen in Figure 19.
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Figure 19 Schematic of bolt tightness setup

A PZT was used for excitation and another piezo and the laser vibrometer recorded the
response of the plate for baseline and after increasing torque in each of the 4 steps; the PSD
of recorded signals for the PZT and the laser vibrometer are shown in Figures 20, 21, 22
and 23, respectively. It is observed that the system shows a monotonic behavior regarding
the change in applied torque. That is, by increasing the torque, amplitude of the PSD
monotonically increases. This indicates the potential of application of the SuRE method
for finding loose bolts in more complicated systems and critical applications.
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Figure 21 comparing SSD of different applying forces using PZT for data collection
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4

3.1.5. Conclusions
The purpose of this study was to validate the possibility of using the SuRE method for load
monitoring applications. A surface bonded piezoelectric disk was used as an exciter to
excite surface waves on an aluminum plate. The laser scanning vibrometer and PZT
transducer were used, respectively, as non-contact and contact receivers to measure
response signals at scanning points. In the load monitoring approach, the PSD of responses
was used for calculation of SSD. In the course of the experiments, in both contact and noncontact sensing, after applying different variation of loads, it was observed that SuRE
method shows a monotonic behavior to changes in applied load; that is, as the applied load
is increased, the SSD values will also be increased and reasonable sensitivity to change of
load could be observed. It can be seen that the calculated PSD of response signals through
contact and non-contact sensors are conspicuously similar in the pattern except for the fact
that the amplitude of the laser response is much smaller than the amplitude of PZT
response. That implies massive networks of surface bonded sensors that are normal in
impedance-based monitoring of large structures could be avoided by using non-contact
sensors. As a result, the SuRE method seems to be a promising approach in the
development of non-contact load monitoring systems especially for applications that
bonded sensors will interfere with their normal performance.
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3.2.

Characterization of milling operation for identical aluminum plates

Surface response to excitation (SuRE) method is a low-cost alternative approach to the
electromechanical impedance (EMI) method and it was developed for structural health
monitoring (SHM) demands. The SuRE method uses one piezoelectric transducer to excite
the surface of a structure with a sweep sine wave, and one or more piezoelectric sensors or
scanning laser vibrometer for monitoring the dynamic response of the system. Once a
change with the potential to lead to a structural failure is introduced to a structure, some
mechanical properties are altered; therefore, the original frequency spectrum is changed.
In this study, the ability of the SuRE method to verify the safety and uniformity of identical
structures after each milling operation, was investigated. Therefore, the SuRE method was
used to characterize different size milling operations on identical aluminum plates. In order
to determine the efficiency and effectiveness of the SuRE method, change of milling
operation size in two different dimensions were investigated. By increasing the size of
milling in three steps and obtaining Fast Fourier Transformation (FFT) and then calculating
of the sums of the squares of the differences (SSD) of the spectrums, the change of the
spectrums was evaluated. Also, in order to get rid of the need for baseline data in
comparison of structures with different conditions, some advanced techniques such as
Geometric mean, Harmonic mean and 5th momentum were introduced. In this
experimental setup, one piezoelectric transducer as an exciter and a scanning laser
vibrometer as a sensor were used.
3.2.1. Introduction
It is vital for structures to safely work during their service life. However, defects can
precipitate a breakdown period for the structures and reduce their effectiveness. By
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monitoring and mending these sorts of damages in structure, the functional age of the
structure can be improved. Over last few years, establishing a testing method to monitor
the uniformity of structures in production lines has been considered as a primary issue. In
order to detect faults in production lines, a number of non-destructive methods have been
presented which try to improve accuracy and reliability in health monitoring of structures
and also minimize the expense of the process [63-65].
It seems that in terms of experimental errors, frequency responses of structures would be
more robust than their mode shapes and also when it comes to measurement they require
less effort for analyzing data.
Active structural health monitoring methods are the most powerful SHM methods for
estimation of the location, severity, and type of defects. These methods excite the system
using appropriate excitation signals and monitor the response of the system. Among active
SHM methods, Electromechanical Impedance (EMI) method examines the health of the
structure by measuring the mechanical impedance of the structure using piezoelectric
transducers although impedance analyzers are extremely costly and it has been tried to be
replaced by cheaper alternatives such as cheaper electronic circuits. Other variations of this
method such as the SuRE method have been recently introduced which eliminate the need
for an impedance analyzer [66-73].
Obtaining relevant information and recognizing patterns from sensor data in structural
health monitoring and load monitoring of mechanical structures have always been crucial
challenges for researchers. Most of the existing methods compare the characteristics of the
data taken when the system was in perfect condition with the new data [74-89]. To remove
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the need for baseline measurement, it would be better to use other features which can define
a saturation point for quality assurance.
In this study, the ability of the SuRE method to verify the safety and uniformity of identical
structures after each mechanical operation was shown. Therefore, the SuRE method was
used to characterize different size milling operations on identical aluminum plates. Also,
in order to get rid of the need for baseline measurement, some advanced techniques such
as Geometric mean, Harmonic mean and 5th momentum were introduced. These methods
don’t need to collect the data in the perfect conditions and using it as a reference (baseline)
for inspection later.
3.2.2. Method
In this study, in order to inspect the uniformity of identical structures after each mechanical
operation, surface response to excitation (SuRE) method has been utilized. Also, this
method has been modified by using signal processing and data analysis approaches to adapt
this method for a different variety of applications. In the SuRE method, the surface of the
structure is excited by a sweep sine wave over a certain frequency range using a
piezoelectric transducer and a laser vibrometer or another piezoelectric transducer are used
on the other side of the structure to sense the dynamic response of the system. The
frequency spectrum of the signal is then obtained by using Fast Fourier Transform (FFT).
The frequency response of the structure will be consistent as long as there are no changes
in the system and whenever condition change, in terms of applying load or existence of a
defect, the frequency spectrum changes can be observed.
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In order to quantify these changes, the squared difference of frequency response after the
changes with respect to the frequency response of pristine is considered:

SDm1  Bm1  Rm1

2

Here, B and R are the baseline and response data after changes matrices and also m denoted
size of FFT. The sum of the squared differences (SSD) would be calculated from:

m

SSD   Bm1  Rm1

2

i 1

As you can see, in the SSD calculation, the current data is compared with the baseline
signal. In order to eliminate the need for baseline in comparison of structures with different
conditions, some advanced techniques such as Geometric Mean, Harmonic Mean, and 5th
Momentum were also utilized:
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3.2.3. Experiment setup
In SuRE method-based structural health monitoring, the range of excitation is typically
between 1-250 kHz; the choice of appropriate band highly depends on the characteristic
length of damage to be detected and therefore the wavelength of excitation has to be smaller
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than the characteristic length of damage of interest. In this study, first, a very broad
excitation range is used to acquire the general response of the system. Then, by analyzing
the response, the frequency range containing the first 50 peaks is chosen for further
examination. This is due to the fact that this area shows a greater dynamic interaction within
the excitation range. It should be noted that having a higher response amplitude does not
necessarily mean that the area is going to be sensitive to changes. Therefore, this area has
to be narrowed down to a shorter range of frequency where it shows monotonic behavior
to any increase or decrease in the size of the damage and this could be done using a trialand-error method. For this study, this area is narrowed down to 1-50 kHz by the trial-anderror method. The results of that are shown in following sections.
In this study, two identical plates were used in order to study the effectiveness of the SuRE
method in the characterization of milling operations. A laser vibrometer as a non-contact
method of data acquisition was applied. In the course of the experiments, different size of
milling operation in two different dimensions of width and length were examined. A
schematic of the experimental setup is shown in Figure 24.
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Figure 24 Experimental setup

Figure 25. Experimental setup
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3.2.4. Results and discussion
3.2.4.1.

Change in the length of the milling operation

For identification of the changes in the length of milling operation, two experiments were
performed. In this test, the length of the milling operation was increased from 3 to 5 inches.
The collected results from the laser vibrometer are shown in Figure 26. Using laser
vibrometer for data collection, FFT of the frequency response of the plate for baseline (no
damage) and each of the milling size was acquired. SSD results are plotted in Figure 26
and it can be seen as the length of the milling is increased, SSD value monotonically
increases.

Figure 26. SSD result for change in the length of the milling operation

In order to get rid of the need for baseline data, this time instead of SSD, geometric mean
was used. It can be seen in Figure 27, as the length of the milling is increased, geometric

39

mean decreases. Although there is a correspondence between the result of the geomean and
the SSD approach, it is obvious that SSD has better accuracy. However, geomean can be
considered a promising approach in the cases that baseline data is not available.

Figure 27. Geometric mean result for change in the length of the milling operation

3.2.4.2.

Change in the width of the milling operation

In another experiment, the SuRE method was applied to detect the change in the width of
the milling operation. The width of milling operation was increased in 4 steps from 0.3 to
1 inch. The collected results from the laser vibrometer, FFT of the frequency response of
the plate for baseline (no damage) and each of the milling size was acquired. It can be seen
in Figure 28, as the width of the milling is increased, SSD value monotonically increases.
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Figure 28. SSD result for change in the width of the milling operation

In order to eliminate the need for baseline data, the harmonic mean was also utilized. As
shown in Figure 29, there is a similar pattern for both the SSD and the harmonic mean. By
calculating the harmonic mean of responses for different widths of milling, it can be seen
that as the width of the milling is increased, the harmonic mean also increases. The
harmonic mean may not have the accuracy of SSD approach but in some applications that
there is no access to baseline data, it can be extremely useful.
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Figure 29. Harmonic mean result for change in the width of the milling operation
Finally, other options available for analyzing the data were investigated. The 5th
momentum was one of the most reliable functions for single point analysis. Surprisingly,
the 5th momentum showed potential for observing changes in both dimensions. As can be
seen in Figure 30, the 5th momentum gives a sharp result in the central point for the changes
in the length of the milling operation. By looking at Figure 31, the same word can be
applied to 5th momentum when it comes to in the width of the milling operation. Using
just the central point for receiving the response signal, the 5th momentum value shows that
by increasing the width or length of milling operation, the 5th momentum value increased
rapidly.
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Figure 30. 5th Momentum result for change in the length of milling operation in central
point

Figure 31 5th Momentum result for change in the width of milling operation in central
point
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Taking into account the objective of this study, in addition to the mentioned approaches,
several different approaches were tested for better comprehension of the different
extraction features methods and to understand which ones are more accurate. The following
shows results for a few methods which were investigated using five-point sensors for the
collection of the data:
Root Mean Square (RMS): The RMS is always the same as or just a little bit larger than
the average of the unsigned values.
𝑁

∑𝑛=1(𝑥(𝑛))
𝑅𝑀𝑆 = √
𝑁

2

Figure 32 RMS result for change in the length of the milling operation
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Figure 33 RMS result for change in the width of the milling operation

Standard Deviation (STD): A Standard deviation is a number which shows how much a
set of data are spread out from the mean.
2
∑𝑁
𝑛=1(𝑥(𝑛) − 𝑀𝑒𝑎𝑛(𝑥(𝑛)))
𝑁−1

𝑆𝑇𝐷 = √

Figure 34 STD result for change in the length of the milling operation
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Figure 35 STD result for change in the width of the milling operation

Kurtosis: Kurtosis characterizes the relatively uneven or flat distribution compared with
the normal distribution. Positive Kurtosis means a relatively peaked distribution when the
negative value indicates a relatively flat distribution.

4
∑𝑁
𝑛=1(𝑥(𝑛) − 𝑀𝑒𝑎𝑛(𝑥(𝑛)))
𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =
=
(𝑁 − 1). (𝑆𝑇𝐷(𝑥(𝑛)))4
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4
∑𝑁
𝑛=1(𝑥(𝑛) − 𝑀𝑒𝑎𝑛(𝑥(𝑛)))
∑𝑁 (𝑥(𝑛) − 𝑀𝑒𝑎𝑛(𝑥(𝑛)))2 2
(𝑁 − 1). ( 𝑛=1
)
𝑁−1

Figure 36 Kurtosis result for change in the length of the milling operation

Figure 37 Kurtosis result for change in the width of the milling operation
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Skewness: Skewness describes the degree of asymmetry of a distribution around its mean.
Positive Skewness shows a distribution with an asymmetric tail extending towards positive
values when the negative Skewness indicated a distribution with an asymmetric tail
extending towards negative values. Skewness is a measure of the asymmetry of the data
around the sample mean. If skewness is negative, the data are spread out more to the left
of the mean than to the right. If skewness is positive, the data are spread out more to the
right. The skewness of the normal distribution (or any perfectly symmetric distribution) is
zero.

𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =

4
∑𝑁
𝑛=1(𝑥(𝑛) − 𝑀𝑒𝑎𝑛(𝑥(𝑛)))
=
(𝑁 − 1). (𝑆𝑇𝐷(𝑥(𝑛)))3

4
∑𝑁
𝑛=1(𝑥(𝑛) − 𝑀𝑒𝑎𝑛(𝑥(𝑛)))
∑𝑁 (𝑥(𝑛) − 𝑀𝑒𝑎𝑛(𝑥(𝑛)))2 3⁄
(𝑁 − 1). ( 𝑛=1
) 2
𝑁−1

Figure 38 Skewness result for change in the length of the milling operation
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Figure 39 Skewness result for change in the width of the milling operation

3.2.5. Conclusion
The purpose of this study was to evaluate the possibility of using different damage indexes
for the SuRE method in the monitoring of milling operations. A surface bonded
piezoelectric disk was used as an exciter to excite the surface of an aluminum plate. The
laser scanning vibrometer was used as a non-contact sensor to measure response signals at
five scanning points. In the course of the experiments, it was observed that the SuRE
method shows a monotonic behavior to changes in both width and length of milling
operation; that is, as the width or length of milling operation is increased, the SSD values
also increases and it is reasonably sensitive to the change of width or length of a milling
operation. However, in order to eliminate the need for baseline or reference signals, instead
of SSD, geometric and harmonic mean were used as criteria for comparing different size
of the milling operation. It was seen that by an increase of the length of milling operations,
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geometric mean increases gradually and also by increasing the width of milling operations,
harmonic mean decreases gradually. As it can be seen in the results, although geometric
and harmonic mean is not as sensitive as SSD value to the change of the length and width
of milling operation, respectively, they can be used as an alternative for SSD in some SHM
applications. By using just the central point for receiving the response signal, 5th
momentum value showed a promising result for change in both length and width of the
milling operation and by increasing the width or length of the milling operation, the 5th
momentum value increased rapidly. As a result, the SuRE method seems to be a promising
approach in the monitoring of milling operation and moreover, geometric mean, harmonic
mean and 5th momentum value could be a promising alternative for SSD value, in the
SuRE method, especially when the baseline or reference signal is not available.
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3.3.

Damage Detection of 3D Printed Mold Using SuRE Method

The life of conventional steel plastic injection molds is very long but manufacturing cost
and time are prohibitive for using this approach to prepare the molds of prototypes or parts
to be produced in limited numbers. Recently developed 3D printers are capable to convert
the digital files of three dimensional solid objects into the actual parts. Depending on the
3D printer final product could be a polymer or metal. Manufacture of polymer parts with
the 3D printers is much cheaper, faster and convenient. However, the life of a polymer
mold could be less than a hundred parts. If a polymer mold fails during the injection
molding process the accident could be costly and life-threatening since very large forces
and temperatures are involved.
Many Structural Health Monitoring (SHM) methods were developed for the sheet metals
of airplane fuselages. In this study, the feasibility of the inspection of 3D printed molds
with the surface response to excitation (SuRE) method was investigated. First, the SuRE
method was used to evaluate if the variation of the strain could be monitored when loads
were applied to the center of the 3D printed molds. After the successful results were
obtained, the SuRE method was used to monitor the artificial damages created at the 3D
printed mold. The results showed that the proposed method can be used to monitor the
condition of the 3D printed molds.

3.3.1. Introduction
Molded composite structures are increasingly used in aerospace, mechanics, automotive,
and many other applications owing to the low weight, superior fracture behavior, long
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service life, and longevity [90-94]. These mechanical properties were studied in varieties
of composite applications by other researchers [95-96]. Also, other research projects have
been conducted for Structural Health Monitoring (SHM) methods to detect the structural
defects before failures take place [97-100]. Recently, additive manufacturing systems are
going to be the leadership advanced manufacturing in molded composite structures due to
the significant ability to create the very complex parts of molded composite structures
which cannot be manufactured by the conventional methods [101-105]. In the additive
manufacturing systems, parts are built layer by layer in their cabinet by following the
Computer Aided Design (CAD) drawings with no material waste.
Although the significance of the health monitoring of various type of molded composite is
accepted and warmly embraced by engineering companies in general and related experts
in particular, the load monitoring and defect detection for the rapid prototype molded
composite is a controversial issue and a matter of discussion. These days, 3D printers have
a beneficial role in producing various types of rapid prototype molded composite
component. Different technologies have been developed to produce the molded composite
component which is a by-product of 3D printers [106-110]. Lower price and higher
efficiency of 3D printer compared with other rapid prototyping technologies consider as
the most significant merits of it [111]. Oftentimes, the molded composite segments may
face with different types of defect either during the manufacturing process or in the course
of their service life. Howsoever, the latter stage covers the most percentage of the
possibility for wearing occurrence caused by loading force during in-service use [112-114].
On a closer scrutiny, most of the publications are dealing with the severity of negative
influence of wearing on rapid prototyping molded composites. Under certain
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circumstances, mechanical wearing should be taken into consideration as the most effective
factors for structural health monitoring of in the rapid prototype molded composite
structures, particularly in the long-term cycling cases study. Consequently, in order to
tackle wearing caused by dynamic load, various teams and researchers have put their
concentrations on understanding load monitoring and defect detection in the molded
composite [115].
In this study surface response to excitation (SuRE) was utilized for load monitoring and
damage detection in composite molds. The SuRE method is a cheaper alternative for
Electromechanical Impedance (EMI) approach. This method excites the structure with a
sweep sin wave and creates waves on the surface. The wave generation, propagation and
receiving performance are different at each frequency. These efficiencies change when the
surface has any transformation including defects, cracks, loading, holes, welding, and
coating. In this experiment, the effect of different sizes of transducers on the result was
investigated two different sizes of piezoelectric transducers (PZT).

3.3.2. Theoretical Background
The SuRE method was developed as a low-cost alternative to the electromechanical
impedance method which uses the related instrument to evaluate the characteristics of
single piezoelectric element attached to the structure. SuRE method excites the surface at
one point and monitors the surface waves at another point. Any sensor and exciter pair
may be used but piezoelectric elements or PZTs are widely used since they are cheap and
readily available. One of the PZT is used to excite the surface in a wide range of frequencies
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and the dynamic response of the surface on the other side is recorded using another PZT.
Frequency domain data is obtained with the help of the Fast Fourier Transformation (FFT).
The change of the frequency domain characteristics is compared with the baseline to
understand if there are any changes to the structure.
The sum of the squared differences (SSD) of the amplitudes of the spectrums is calculated
according to the following equation. The SSD is the quantitative description of the
difference between the collected data and the baseline obtained when the structure was in
the pristine condition:
m

SSD   Bm1  Rm1

2

i 1

In this equation, B and R are the amplitudes of the baseline data and responses of the
structure. Generally, the SSD values increase when the defect gets bigger.
3.3.3. Experimental setup
Acrylonitrile butadiene styrene (ABS) is one of the widely used materials in additive
manufacturing. In this study, one of the parts of a mold with the 5” × 6” × 0.75” inch
dimensions were printed by using the small office 3-D printer. The shape of the part is
presented in Figure1. The mold was prepared for injection molding of a dog bone shaped
part and two rectangular prism-shaped samples. The Fused Deposition Modeling (FDM)
method was used to manufacture the part by using the ABS material with 50% fill ratio.
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Figure 40 3D Printed Mold
Two sets of piezoelectric transducers with different sizes (0.75” and 0.25’’ diameters) were
attached on the back side of the mold. For each set, one PZT worked as exciter while the
other one was used as the sensor (Figure 2).

Figure 41 Attached PZTs on the back of the 3D printed mold. Drawing (left) and actual
part with PZTs (right).
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The experiments were repeated twice. First, the structure was excited in a wide frequency
range (20 kHz-600 kHz) in order to find the optimum excitation frequency range. The
spectrum of the surface response was studied. Based on the height of the amplitude of the
FFT response, the frequency range between 100 kHz and 1145 kHz was chosen for the
PZTs with 0.75” diameter. The excitation frequency range between 20 kHz and 420 kHz
was selected for the PZTs with 0.25” diameter. The experimental setup is shown in Fig 3.

Signal Generator
(RigolDG1022)

Exciters

Sensor

Figure 42 Experimental setup

3.3.4. Results and discussion
Most of the SHM methods work very effectively on the sheet metal surfaces. The created
surface waves quickly disappear on the composite materials. Excitation of a thick 50%
filled block and collection of meaningful data were challenging. When a part is damaged,
it cannot be repaired. The effect of different loads can be studied without damaging the
part and the SuRE method sensed the loading changes effectively in our previous studies.
First, the effect of loading on the structure was investigated. After we observed that the
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frequency response changed at different loading conditions, various damages were created
on the 3D printed molds and the performance of the SuRE method was evaluated.
a) Evaluation of SuRE method by detection of the force applied in the center of
the mold
For evaluation of the performance of the SuRE method different loads were put at the
middle of the mold (Figure 4). The structure was excited between 100 kHz and 145 kHz
by using one 0.75” diameter PZT. The surface response was monitored with the same size
PZT which was attached to the other side of the mold. The baseline data was collected and
FFT spectrums were calculated. Then, 1 lb., 2 lb, and 3 lb load were applied. The surface
response was collected at each loading level. Finally, all the loads were removed and data
was collected at the same conditions the baseline data was recorded. The spectral
characteristics of the response were collected for all the cases by using the FFT method
and presented in Figure5. The SSD values were calculated to represent the difference
between the baseline and each test case with and without the load (Figure 5).

Exciter

Sensor

Figure 43 Frequency response and SSD values for load monitoring when 0.75 diameter
PZTs were utilized
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a) FFT

b) SSD

Figure 44 Frequency response and SSD values for load monitoring when 0.75 diameter
PZTs were utilized

The same process was repeated when two 0.25” diameter PZTs were utilized as sensor and
exciter to study the effect of different size transducers. The PZTs was excited between 20
kHz and 420 kHz. The results for small PZTs are shown in Figures 6, 7.

a) FFT

b) SSD

Figure 45 Frequency response and SSD values for load monitoring when 0.25 diameter
PZTs and 20 kHz - 420 kHz frequency range were utilized
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a) FFT

b) SSD

Figure 46 Frequency response and SSD values for load monitoring when 0.25 diameter
PZTs and 100 kHz - 145 kHz frequency range were utilized

b) Damage detection
Dremel rotary tool kit with a grinding head was used to create damage at one of the cavity
with 0.2” width and 1.6” length (Figure8.a). The damage was created at the left side of the
cavity with the hand tool to simulate the damage or wear of the mold artificially. Little
slots were created with 0.5” length (Y direction). The width of the slots was (X direction)
0.05”, 0.01” and 0.015” at three simulated wear cases. The artificial damage or wear was
also created on the right side of the cavity. The length of the slot was 1.6” this time in the
Y direction. The width of the slot was also 0.05”, 0.01” and 0.015” in the X direction at
three additional simulated wear cases. The tested wear cases are presented in Table 1.
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Table 1 Experimental test cases
Experiments at different Damage at the left side
wear or damage levels
Length
Width

Dataset

Damage at the right side
Length

Width

Baseline 1

None

None

None

None

Baseline 2

None

None

None

None

Damage 1

0.5”

0.05”

None

None

Damage 2

1”

0.05”

None

None

Damage 3

1.6”

0.05”

None

None

Damage 4

1.6”

0.05”

1.6”

0.05”

Damage 5

1.6”

0.05”

1.6”

0.1”

Damage 6

1.6”

0.05”

1.6”

0.15”

The experimental data were collected with the PZTs with 0.75” diameter first. The mold
was excited in 100 kHz to 145 kHz frequency range with a sweep sine wave. The baseline
data were collected twice without any damage.
The experimental data was also collected with the PZTs with 0.25” diameter. The baseline
data was also collected twice with these smaller PZTs. The excitation frequency range of
the sweep sine wave was 20 kHz to 420 kHz. These experiments were also repeated when
the excitation frequency range of the sweep sine wave was reduced to 100 kHz to 145 kHz
range.
The right cavity of the mold was damaged as described in the first paragraph and Table 1
at six different levels. Experimental data was collected with the PZTs with 0.75” and 0.25”
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diameters in the indicated frequency ranges. The FFT of the data were calculated for each
case and the SSD values were calculated. The FFT amplitude and SSD values for the PZTs
with 0.75” diameter are presented in Figure9 and Figure10 respectively.
0.2"

1.6"

D1
D2
D3

D4
D5
D6

a) Drawing of the mold

Created
Damage

Cre

b) Perfect mold

c) The damaged cavity

Figure 47 Created damage shown in three colors
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Figure 48 The spectrums calculated by the FFT when the PZTs with 0.75” diameter were
used at different artificial damage or wear levels. The excitation signal was a sweep sine
wave between 100 kHz and 145 kHz

a) Damages 1 - 3

b) Damages 4 - 6

Figure 49 SSD values for damage detection when 0.75 diameter PZTs were used. The
excitation signal was a sweep sine wave between 100 kHz and 145 kHz. See the Table 1
for the artificially created damage or wear information.
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The FFT amplitude and SSD values for the PZTs with 0.25” diameter are presented in
Figure11 and Figure12 respectively when the frequency of the sweep sine wave changed
between 20 kHz to 420 kHz.

Figure 50 The spectrums calculated by the FFT when the PZTs with 0.25” diameter were
used at different artificial damage or wear levels. The excitation signal was a sweep sine
wave between 20 kHz and 420 kHz.

a) Damages 1 - 3

b) Damages 4 - 6

Figure 51 SSD values for damage detection when 0.25 diameter PZTs were used. The
excitation signal was a sweep sine wave between 20 kHz and 420 kHz. See the Table 1
for the artificially created damage or wear information.

63

The FFT amplitude and SSD values for the PZTs with 0.25” diameter are presented in
Figure13 and Figure14 respectively when the frequency of the sweep sine wave changed
between 100 kHz to 145 kHz.

Figure 52 The spectrums calculated by the FFT when the PZTs with 0.25” diameter were
used at different artificial damage or wear levels. The excitation signal was a sweep sine
wave between 100 kHz and 145 kHz.

a) Damages 1 - 3

b) Damages 4 - 6

Figure 53 SSD values for damage detection when 0.25 diameter PZTs were used. The
excitation signal was sweep sine wave between 100 kHz and 145 kHz. See the Table 1
for the artificially created damage or wear information.
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3.3.5. Conclusions
Being one of the latest innovative technology, 3D printing technology has been
revolutionary in engineering, product design, and manufacturing. For the specific types of
mold which are going to be used for limited cycles, 3D printed molds seem more costeffective. In these types of application, monitoring the quality of the mold after each cycle
in order to have high accuracy sounds vital.
In this study, first, the performance of the SuRE method was evaluated by monitoring the
applied force on the center of the mold. Then, the surface response to excitation (SuRE)
method was used for the detection of simulated wearing in 3D printed mold. One of the
PZT attached to the 3D printed mold was used to excite the surface of the mold at a broad
frequency range. Second PZT was used to monitor the response of the system. As it was
shown in results, the sum of the squares of the differences (SSD) values increased with the
increase in the size of the damage. The SSD index was reasonably sensitive to the changes
of the damage size. In addition, it was shown that different sizes of PZTs have no major
impact on the result as long as the appropriate range of frequency is being used.
The SuRE method assessed the change of the damage size based on the frequency response
of the structure. The experimental results show that the SuRE method can be considered as
a promising method for detection of small changes in 3D printed molds.
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3.4.

Composites bond inspection using SuRE methods

With increasing utilization of the composite materials in commercial and military
applications, the longevity of composite bonds has become a crucial concern of the
aerospace industry. In spite of the previous studies in the literature for characterization of
bonding condition in composite materials, implementation of more advanced structural
health monitoring (SHM) techniques are still required to ensure flight safety and quick
inspections of structures. In this study, the surface response to excitation (SuRE) method
was used for studying various simulated contamination levels. Results of the experimental
studies showed that the proposed methods could be efficiently utilized for evaluating
bonding strength of composite materials.

3.4.1. Introduction
Composite materials have found numerous applications in automotive, industrial,
aerospace, civil, and mechanical engineering applications due to their excellent strength to
weight ratio and resistance to corrosion [116-120]. Particularly, Carbon Fiber Reinforced
Plastics (CFRP) have been widely used in the aerospace industry because of these benefits.
Investigation of the longevity of the composite materials is of great importance in these
critical applications [121-123]. Two important areas of concern regarding the usage of the
composite materials are delamination and debonding of composite joints. Debonding and
delamination would severely reduce the strength of the composite structures and may lead
to catastrophic failures [124, 125].
Non-destructive testing (NDT) methods were proposed for inspection of Composite
materials during their service lives [126-128]. Application of various NDT methods, such
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as visual testing (VT or VI), ultrasonic testing (UT), thermography, radiographic testing
(RT), electromagnetic testing (ET), acoustic emission (AE), and shearography testing in
the evaluation of composite bonds have been reviewed by Gholizadeh [129]. Boopathy et
al. [117] discussed the merits of the NDT methods for inspecting the composite structures
of the aircraft. Two approaches have been developed to detect various types of bond
damages in composites by considering the surface or internal defects [129, 130]. Detection
of the defects of the composite structures by using piezoceramic sensors has been studied
by Kessler and Spearing [65].

Structural health monitoring (SHM) methods were

implemented for online monitoring of composite structures [131-135]. Two inspection
methods for the composite bond were analyzed by Crane and Dillingham [116]. They
included a brief review of inspection methods for the adhesive bonds. Lissenden and Rose
[120] embedded piezoelectric fibers into the composite materials and experimentally
evaluated its performance. Sensor embedded composite structures have great potential for
implementation in military applications.
Electromechanical Impedance (EMI) method is one of the most popular linear SHM
method. Surface response to excitation (SuRE) method is the cheaper alternative of the
EMI approach, and give the user freedom for selection of the sensor and the location of the
monitored response [136-140]. The SuRE method detects the developing structural defects
by monitoring the variation of the frequency response of the structure when it is excited by
using a sweep sine wave in a broad frequency range. In this study, SuRE method is used
for inspection of the bonds of composite joints.
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3.4.2. Experimental setup
To evaluate the performances of the SuRE method, contamination between two plates were
simulated. Two square carbon fiber composite plates with 11.75" x 11.75" x 0.06"
dimensions were held together by using four nickel-plated magnet pairs each with 1"
diameter and 3/8" thickness.

Aluminum foils were used to act like simulated

contamination or debonding. Two PZT disks with the distance of 6" were attached to the
top plate. One of them was used as an exciter, and the other one was used as the sensor.
Three different sizes of aluminum foils were used to act as the contaminant by separating
the composite plates. The diameter and the thickness of the PZT disks were 0.8" and 0.04"
respectively. The signals of the PZT disk were recorded at 1 MHz sampling rate.

Data Acquisition Card
(Data Translation DT9832A)

Sensor
Magnets
Disc

Exciter

Composite Plates
Contamination
(Aluminum Foil)

Signal Generator
(Rigol DG1022)

Figure 54 Schematic of the bond inspection in composite plates using the SuRE method
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3.4.3. Results and discussion
Two sets of experiments were performed to detect the size of simulated contamination
between two composite plates when composite plates were held together using magnet
pairs. In the course of the experiment, it was shown that heterodyne effect and SuRE
method can efficiently detect the simulated contaminations in the composite bonds as
nonlinear and linear SHM methods, respectively
Experimental setup in Figure2 was used. A sweep-sine wave from 10 kHz to 370 kHz was
applied to the PZT on the top plate (Figure5). The other PZT at the bottom plate was used
as the sensor. The baseline data was collected when the composite plates were held
together without any aluminum foil between them. The spectrum of the signal was
calculated by using the FFT. The experiment was repeated three times with the different
size of aluminum foil were sandwiched between the plates. The spectrums collected at the
four tests are presented in Figure5. Experiments were performed without any foil, and three
different sizes of foils were sandwiched between the plates.
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Figure 55 Comparing the spectrums obtained from four different experiments to evaluate
the performance of the SuRE method.

Figure 56 SSD results at different levels of simulated contamination

The SSD increased when the size of the simulated contamination between two composite
plates increased. The results indicated that the SuRE method can be used for detection of
simulated contamination between the plates.
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3.4.4. Conclusions
Composite materials are joined together with adhesives in many applications. Several
SHM methods have been developed for detection of weak bonding and delamination which
can lead to failure. The SuRE method assessed the change of the response characteristics
or linear behavior.
The surface response to excitation (SuRE) method was used for the detection of simulated
contamination between two composite plates with a linear SHM method. A PZT attached
to the top plate was used to excite the surface of the top composite plate at a broad
frequency range. Second PZT on the same plate was used to monitor the surface waves.
The sum of the squares of the differences SSD increased with the increase of the size of
the simulated contamination between two composite plates.

The SSD index was

reasonably sensitive to the changes of the simulated contamination size.
Based on the results, use of SuRE methods is feasible for detecting separation between the
joined composite plates with sturdy fasteners or adhesives. The SuRE method was highly
sensitive to the simulated contamination and size of it. However, it requires a baseline or
reference data.
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3.5.

Validation of SuRE method using Comsol software

In this study, a simple experimental setup including an aluminum plate and two piezo
electric transducers attached on the top of the plate as sensor and exciter are modeled. The
structure is excited in the broad frequency range using sweep sine wave and response of
the system is recorded with the help of a set of probe points. By calculating sum of the
square of the differences (SSD), changes in the frequency response of the system due to
different size of the simulated milling operation are investigated. COMSOL Multi-physics
software was utilized to develop a numerical model for the simulation of our experimental
setup.
3.5.1. Experimental setup
The model in this study used piezoelectric device module of COMSOL to simulate
piezoelectric transducers which were used as both sensor and actuator. Figure 64 shows
the simple schematic of a 28 cm × 8 cm aluminum plate with a thickness of 4mm along
with two cylindrical piezoelectric transducers with the radius of 2 cm bonded on top of it.
One of the PZT transducers is going to be the sweep frequency exciters. On the other side
of the plate, the sensing PZT was attached. As it was explained in previous chapters, a
sweep sine wave with a broad frequency range will be applied to the exciter and the receiver
will collect the response of the system on the other side of the plate.
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Sensor
Exciters

Figure 57 Experimental setup

Table 2 Dimensions of plates and PZTs
Name

Value

Length of plates

0.28 m

Width of plates

0.08 m

Height of plates

0.004 m

Radius of PZTs

.02 m

Height of PZTs

0.002 m

Voltage

20 V

The model was created in COMSOL’s piezoelectric device module and the time-dependent
study was used. Lead Zirconate Titanate (PZT-4) with a density of 7500 kg/m^3 was the
chosen material for PZT transducers. The boundary condition of all four sides of the plate
defined fixed constraints and everywhere else was free. The lower surface of PZTs which
is attached to the plates was considered as ground with a zero charge and upper surface of
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exciters was charged with the sweep sine waves. The upper surface of the sensor was
connected to the probe to be monitored. As it can be seen in Figure 5-1, the model meshed
with free tetrahedral elements when the minimum mesh size was set 5400 um and the
maximum mesh size was set at 30000 um.

Figure 58 Meshed structure

In the SuRE method, the structure is excited with the wide range of frequencies and the
response of the system will be captured. Then, the Fast Fourier Transform (FFT) of the
response signal will be calculated. To simulate this process, a sweep sine wave was applied
to the PZT exciter and in time domain study, the response signal was captured. Then, by
using the time to frequency study, the FFT of the response signal was obtained.
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3.5.2. Simulation results
In Figure below, the time domain plot for input signal has been shown. As it can be seen,
a sweep sine wave with the frequency range of 10 kHz to 100 kHz was applied to the PZT
exciter.

Figure 59 Excitation signal

Then, the response signal from the probe points was obtained when there was no damage
on the surface of the plate. Time and frequency response of the plate has been shown in
Figures below:
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Figure 60 Time domain response for pristine plate

Figure 61 Frequency domain response for pristine plate

Then, a simulated milling operation with the size of 9 cm × 2 cm × 2 mm was applied on
the surface of the aluminum plate. Here is the time and frequency response of the structure:
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Figure 62 Time domain response for a plate with 9 cm × 2 cm × 2 mm milling

Figure 63 Frequency domain response for a plate with 9 cm × 2 cm × 2 mm milling

In the next step, the depth of the milling operation was increased to the 2.5 mm. Time
domain response was captured and FFT of the signal was calculated:
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Figure 64 Time domain response for a plate with 9 cm × 2 cm × 2.5 mm milling

Figure 65 Frequency domain response for a plate with 9 cm × 2 cm × 2.5 mm milling

Finally, by increasing the depth of the milling operation to 3 mm and recording the response
of the structure, changes in the frequency response were investigated:
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Figure 66 Time domain response for a plate with 9 cm × 2 cm × 3 mm milling

Figure 67 Frequency domain response for a plate with 9 cm × 2 cm × 3 mm milling
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In order to compare the frequency response of the structure in the presence of various size
of milling operation and also quantify this difference, the sum of squares of difference
(SSD) index for each size of milling was calculated:

Figure 68 Summation of the squares of the difference (SSD) for different size of the
milling operation
3.5.3. Conclusion
In this study, the experimental result of the SuRE method for the investigation of different
size of milling operation on aluminum plate was validated by the help of a finite element
software. COMSOL Multi-physics software was utilized to develop a numerical model for
the simulation of the SuRE method when a simple experimental setup including aluminum
plates with two PZT transducer bonded on the surface.
The structure was excited using a broad range of frequencies. Then, the response of the
system for pristine plate and plates with three different sizes of simulated milling operation
was captured. The frequency response of the structure for each one of them was obtained
and SSD values were calculated. As it was shown in the results, by increasing the depth of
milling operation in each step, SSD value also increased.

80

CHAPTER 4

4.

IMPLEMENTATION OF NONLINEAR METHODS
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4.1.

Monitoring the Health of Adhesively Bonded and Fastened Composite Joints

Composite materials are a preferred choice when high strength/weight ratio and resistance
to corrosion are needed. For assembly, composite parts are joined by using adhesives
and/or fasteners. Due to the increased use of composites, there is a need for reliable and
affordable structural health monitoring (SHM) methods for the detection of weakened
bonds and loosened fasteners.
The heterodyne effect may be utilized for the evaluation of debonded area when the linear
characteristics of the system changes to nonlinear as a result of light contact in the bonding
zone and this nonlinear system responds to appropriate bitonal excitations with new
frequencies. Nonlinear elastic wave spectroscopy (NEWS) methods are using the same
concept although they are limited to the combination of a high and a low frequency. The
heterodyne method allows the engineers to have control over the new output frequencies
as indicators of nonlinearity in the target structure.
In this study, implementation of the heterodyne method is proposed for identification of
the debonded region and evaluation of the compressive forces applied to facing plates. The
proposed SHM method proved to be effective in both scenarios. Then, in another
experimental setup, heterodyning effect method is implemented for exploring various
contamination levels in composite bonds. Results show that the proposed method can be
used effectively in the composite bond inspection.
4.1.1. Introduction
Composite materials have gained popularity in high tech applications due to their high
strength-to-weight ratio and durability against corrosion. Composite parts may be joined
by using adhesive bonding and/or fasteners including rivets and bolts. Weakening or
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partial separation of bonded regions or their delamination drastically reduce the strength of
the structure and may lead to failure [141-143]. Similarly, fasteners may loosen during the
service life of structures and cannot hold the parts with the required strength. Structural
health monitoring (SHM) methods have been developed for early detection of growing
defects and/or for scheduling maintenance operations at the right time to minimize the
process cost and downtime. Although several SHM methods already exist, developing new
methods to simplify the instrumentation, signal processing, and data management are
crucial. In this study, implementation of the heterodyning method is proposed for
inspection of the composite joints that are bonded with adhesives or held together with
fasteners. The proposed SHM method is used for identification of the debonded regions
and evaluation of the compressive forces applied to the plates by fasteners. Finally, it was
tried to investigate the level of contamination in composite bonds using SuRE method
which uses electro-mechanical impedance signatures of the structure and heterodyning
method which works based on the change of the characteristic of the structure from linear
to nonlinear.
Typically, SHM methods can be divided into two primary groups, these are termed active
or passive, depending on if an exciter is used during inspection [144-146]. Among the
passive methods, Acoustic Emission (AE) is one of the most popular methods for
identification of developing defects in planar composite materials [147-149]. Acoustic
Emissions are created by the generation of transient waves due to the rapid release of strain
energy within the damaged composites after a defect is developed. Active methods,
however, excite the system using appropriate excitation signals and monitor the response
of the system. These methods are the most effective SHM methods for estimating the
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location, severity, and type of defects [150-153]. Active methods can furtherly be
categorized into linear and nonlinear methods. The majority of active linear methods
compare the characteristics of the data taken from a system in a pristine condition with the
data at a later time for identification of defect [154-156]. In these type of methods, linear
characteristics of structures, such as time of flight of the excitation waves between the
actuator and the sensor, reflections from the defects and changes of the impedance of the
attached Lead zirconate titanate (PZT) transducers are considered as main parameters for
fault detection. However, using these methods for damage detection in early stages of
defect growth and nucleation can be problematic and challenging.
Recently, researchers have shown that some types of damage including debonding, cracks,
and delaminations change the linear behavior of structure into nonlinear. It is possible to
detect the development of these defects by recognition of the nonlinear behavior [157-161].
In these methods, there is no need for collection of the reference (baseline) data from the
pristine structure for further processing. Nonlinear elastic wave spectroscopy (NEWS)
methods are most prevalent approaches in this area and are able to detect the nonlinear
behavior of structures at early stages [162-173]. Non-linear wave modulation spectroscopy
(NRUS) and non-linear resonant ultrasound spectroscopy (NWMS) are well-known
NEWS methods. In NWMS approach, two different actuators are used to excite the
structure at very low and high frequencies. Although the selection of appropriate excitation
frequencies plays a pivotal role in the progress of damage detection, researchers were not
able to come up with a practical and efficient approach for an assortment of proper
frequency combinations.
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In linear SHM systems, the primary focus is on monitoring the response in excitation
frequencies. A certain type of damages, such as cracks, debonding and delamination cause
the structure to behave as a nonlinear system and respond with newer frequencies. When
these non-linear systems are excited with bitonal excitation, the new frequencies appear in
the response of the system at the difference, summation and some other harmonics of the
two excitation frequencies. This phenomenon is known as the heterodyne effect [174-178]
and has been effectively used by electrical engineers to create new frequencies at desired
frequency range in communication systems. This method uses relatively low voltage
excitation signal and it is not limited to the combination of a high and a low frequency
which can simplify the selection of excitation frequencies.

4.1.2. Implementation of the Heterodyne Effect into SHM

In this study, the implementation of the heterodyne method for SHM of composites is
proposed. Two approaches were considered for joining composite plates: Bonding with
adhesives and fasteners.

The proposed SHM method was employed to detect the

debonding and weakening of the joints.
For the implementation of the heterodyne effect in SHM, one of the plates was excited with
two and also three excitation frequencies. Identical PZT disks were used as excitation
source and sensors in this study. Two harmonic signals may be applied to two different
exciters or in order to reduce the number of exciters, a modulated signal containing the
required frequencies may be applied to a single exciter. The transmitted signal is then
measured in the adjoining plate.

The frequency spectrum of the monitored signal is

calculated. When the system is linear, spikes are not expected at new frequencies.
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However, development of the new spikes corresponds to the presence of the debonding or
having weakly held plates with fasteners.
Different frequency combinations and modes interact differently with a potential defect.
Therefore, different levels of nonlinear mixing occur when different frequency
combinations are used. Selection of the appropriate excitation frequencies is critical for
ensuring an accurate and effective monitoring process. In this study, initially, a sweep sine
wave in a broad range of frequencies was applied to one of the exciters on the system with
an artificially made defect. Then the response signal was sampled and the time-frequency
plot was obtained. Noticeable spikes were observed in the Short-Time Fourier
Transform (STFT) of the response at some harmonics of the excitation frequencies. These
are the frequencies that the system is already showing a high level of nonlinearity.
Therefore, these areas are selected as the most suitable frequency range for applying
heterodyning method.

4.1.3. Experimental Setup

In this study, three separate experimental setups were used to evaluate the performance of
the proposed SHM methods. The first setup was designed to detect debonding in a
composite coupon by using the heterodyning effect method. In the second setup, the
heterodyning method was utilized to evaluate the compressive forces holding two
composite plates together. Finally, for exploring bond strength in composite materials,
various contamination levels in composite bonds were investigated using both
heterodyning method and surface response to excitation method. Identical piezoelectric
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disks with a 10-mm diameter and a 2-mm thickness were used for the excitation and
sensing in all experimental setups.

4.1.3.1.

Detection of composites debonding by using heterodyne effect

In the first experiment, two 1" x 10" unidirectional prepreg carbon fiber composite coupons
with the thickness of 0.1" are manufactured and bonded together by using 3M AF 555
Structural film adhesive. To create a 2-inch-long debonding, no adhesive was applied to
the left side of the bonded coupons. The diagram of the experimental setup is presented in
Figure2 and shows the debonding at the left side of the coupon. Three piezoelectric disks
were attached to the bonded coupons, with the middle disk acting as the exciter. The
objective of the experiment was to study the alteration of the signals received by the
piezoelectric disks attached to the opposite ends due to nonlinear behavior of the structure.

Data Acquisition Card
(Data Translation DT9832A)

Signal Generator
(RigolDG1022)

10"

1"

2"
Delamination

Bonded

(a)
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(b)

Figure 69. Schematic of the experimental setup for detection of delamination

4.1.3.2.

Evaluation of the compressive forces on the composite plates

The second experiment was designed to evaluate the compressive forces used to hold two
composite plates together. Two 11.75" x 11.75" carbon fiber composite panels were held
together by using seven pairs of nickel-plated magnets (Figure68) each with 1"
diameter and 3/8" thickness. The separation force of two magnets was measured to be
46.61lbs when touching. The configuration of the magnet pairs is shown in Figure68. Two
PZT disks were attached to the top panel to excite the system with two harmonic waves.
Another PZT disk was attached to the center of the bottom panel which acts as a sensor.
The diameter and the thickness of the PZT disks were 0.8" and 0.04" respectively. The
signals of the PZT disk at the center were recorded using a 1MHz sampling rate.
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Figure 70. Schematic of the joint inspection in composite panels using heterodyning
effect

4.1.3.3.

Detection of various contamination levels in composite bonds

The third experimental setup was made to detect various contamination level in composite
bonds. In this setup four nickel-plated magnet pairs each with 1" diameter and 3/8"
thickness were used to hold two 11.75" x 11.75" carbon fiber composite panels together.
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The configuration of the magnet pairs can be seen in Figure69. First, two PZT disks were
attached to the top panel to excite the system with two harmonic waves. Another PZT disk
was attached to the center of the bottom panel which acts as a sensor. Three different sizes
of aluminum foils were employed to be considered as a contamination between two
composite panels. The diameter and the thickness of the PZT disks were 0.8" and 0.04"
respectively. The signals of the PZT disk at the center were recorded using a 1MHz
sampling rate.

Signal Generator
(RigolDG1022)

Exciters

Composite plates

Contamination
(Aluminum foil)

Sensor

Figure 71 Schematic of the bond inspection in composite panels using heterodyning
effect
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4.1.4. Results and Discussion

4.1.4.1.

Detection of composites debonding by using heterodyne effect

For identification of the debonded region of two composite coupons, the following
experiment was conducted in two steps using the experimental setup in Figure67. The
optimal frequencies for excitation of the system were determined in the first place. The
debonded region was then identified by using the optimal excitation frequencies.
The PZT in the middle of the top coupon was excited with a sweep sine wave in the range
of 20 kHz to 600 kHz. The signal of the PZT at the left side (same side with the debonded
region) was sampled at 2 MHz and the STFT of the response was obtained. The major
nonlinear behavior of the system was observed around 250 KHz where the lower and
higher harmonics such as 125 and 375 KHz of it show powerful spikes (Figure70).
Therefore, the proposed SHM system used this frequency (250 KHz) and also two other
frequencies with a 20 kHz difference (230 kHz and 270 kHz) as the excitation frequencies
to remain in the nonlinear region. Briefly, the proposed SHM system excited the structure
by addition of the three harmonic signals at 230 kHz, 250 kHz and 270 kHz. The response
of the system at the frequency of difference (20 kHz), which is the maximum audible
frequency, were monitored for detection of debonding.
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Figure 72 Time-frequency spectrum for determination of the optimum excitation
frequency

The experiment for identification of the debonded region was performed when the PZT at
the middle of the top composite coupon was excited via a signal created by adding 230
kHz, 250 kHz and 270 kHz harmonic waves for 5 ms when the peak to peak voltage of
excitation frequencies was set on 35V. The spectrums of the signals were obtained using
Fast Fourier transformation (FFT) and presented in Figure 70. Only the excitation signals
at 230 kHz, 250 kHz, and 270 kHz were observed at the response signal on the right side
of the coupon when there is perfect contact between two composite layers. However, a
small spike was observed at 20 kHz when the spectrum of the response of the system on
the left side (location of debonding) was inspected.
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Figure 73 Comparing FFT results between perfect contact and in presence of debonding

The time-frequency plots of the PZTs at both ends are presented in Figure 8. Only the
excitation frequencies appeared in time-frequency spectrum (Figure72a) of the right sensor
since the right side of the coupon was bonded perfectly. On the left side of the coupon, in
addition to the excitation frequencies, a line at the difference of the excitation frequencies
(20 kHz) appeared (Fig 72b). The results confirmed that the debonded regions can be
identified by using the heterodyne effect.
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Excitation frequencies

a) Spectrogram of right PZT

Difference of excitation frequencies (20KHz)

Excitation frequencies

b) Spectrogram of left PZT
Figure 74 Time-frequency spectrum for identification of the debonded region

4.1.4.2.

Evaluation of the compressive forces on the composite plates

Three experimental procedures were performed in this study by using the experimental
setup in Figure68. The first procedure determined the optimal excitation frequencies. The
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second procedure used the selected excitation frequencies to investigate the relationship
between the compressive force on the plates and the amplitude of the spike at the difference
of the excitation frequencies. A series of experiments were performed when two composite
plates were held together with a different number of magnet pairs. Lastly, it was shown
that heterodyning effect can be created by selecting the excitation frequencies from another
nonlinear region other than the ones previously determined.
A composite plate was placed on the second plate and the experimental setup in Figure68
was prepared. The PZT on the top plate was excited with a sweep sine wave from 50 kHz
to 350 kHz. The spectrogram of the PZT signal at the bottom is presented in Figure73. The
structure showed the major nonlinear behavior around 120 kHz and 135 kHz.

These

frequencies were selected as the excitation signal for the second procedure.

Figure 75 Time-frequency spectrum to determine optimum excitation frequency
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In this step, two PZTs on the top plate were excited with 120 kHz and 135 kHz separately
using 35V peak to peak voltage for excitation frequencies. The signal of the PZT attached
to the bottom plate was sampled at 1MHz and its spectrum was calculated for four different
compressive forces. First, the baseline was obtained when there were no magnets which
means the top plate applied only its own weight. Later, the experiment was repeated when
the plates were held together with 3, 5 and 7 pairs of magnets. The spectrums of the PZT
signals at the bottom was calculated using FFT and is presented in Figure74.a. In the plot,
the spikes around three key frequencies (15 kHz, 120 kHz, and 135 kHz) are separately
presented. The amplitude of the spike at the difference of the frequencies, 15 kHz,
decreased when the compressive force was increased (Figure74b).

(a)

96

Number
Steps of magnet
pairs
1

3

2

5

3

7

(b)
Figure 76 Comparing the spectra of the signal of the sensor at different compressive
forces. a) Spectra of the signal of the sensor at 4 compressive forces and the spikes at the
key frequencies. b) The maximum amplitude at the three key frequencies under different
loads

In another experimental procedure, one of the excitation frequency was kept at 120 kHz.
Instead of applying a harmonic signal, a sweep-sine wave from 125 kHz to 150 kHz was
applied to the second exciter (Figure75). The signal of the PZT at the bottom was sampled
and its spectrogram was obtained.

Theoretically, the response signal should appear in

frequencies of difference which means a line starts at 5 kHz and reaches to 30 kHz if the
system behaves nonlinear and create the heterodyne effect. The line at the top of the
spectrogram appeared around 10 kHz and reached to 30 kHz. This line indicates that
instead of 135 kHz, many other frequencies between 130 kHz and 150 kHz could be used
for the excitation of the second exciter. This means broad frequency ranges can be applied
to increase sensitivity to various defects.
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Figure 77 Spectrogram of the sensor at the bottom plate when the sweep sine wave was
applied to one of the exciters.

4.1.4.3.

Detection of various contamination levels in composite bonds

In order to detect the various levels of contamination in composite bonds, the experimental
setup shown in Figure4 was used and it was tried to determine the optimal excitation
frequencies. Then, the selected excitation frequencies were utilized to detect the different
size of the aluminum foil between two composite panels with the help of the amplitude of
the spike at the difference of the excitation frequencies. In the course of the experiment,
it was shown that heterodyning effect can perform effectively for the detection of the
contaminations in composite bonds as a nonlinear SHM method, respectively.
By placing two composite plates on top of each other and a sheet of aluminum foil between
them and four pairs of magnets to keep the panels together, the experimental setup in
Figure69 was prepared. The PZT on the top plate was excited with a sweep sine wave
from 50 kHz to 550 kHz. The spectrogram of the PZT signal at the bottom is presented in
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Figure76. The structure showed the major nonlinear behavior around 250 kHz.

This

frequency in addition to two other frequencies with 20 kHz difference, 230 kHz, and 270
kHz, were selected as the excitation signal for the next step.
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Figure 78 Time-frequency spectrum to determine optimum excitation frequency

In this step, two PZTs on the top plate were excited with 230 kHz, 250 kHz, and 270 kHz
separately using 20V peak to peak voltage for excitation frequencies. The PZT attached to
the bottom plate recorded the response signal with the 1MHz sampling frequency. The
spectrum was calculated for three different contamination sizes. First, the 6” by 6”
aluminum foil was used as a contamination between two composite panels. Later, the
experiment was repeated when the 8” by 8” and 10” by 10” aluminum foils were utilized.
The spectrums of the PZT signals at the bottom was calculated using FFT and is presented
in Figure77. In this plot, the spikes around three excitation frequencies (230 kHz, 250 kHz,
and 270 kHz) can clearly be seen. By zooming in at the difference of the excitation
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frequencies, 20 kHz, it can be seen that the amplitude of the spike increased when the
contamination size was increased (Figure77).

Figure 79 Comparing FFT results between different levels of contamination in the
heterodyning method

4.1.5. Conclusions
Typically, composite materials are joined together with adhesives or fasteners. Weak
bonding and delamination can remarkably decrease the strength of the structure and may
lead to failure. Many SHM methods have been developed for detection of structural
defects, minimizing the cost of maintenance and to improve safety. Recently, it has been
shown that certain types of damage including debonding, cracks and delaminations change
the linear behavior of a structure into nonlinear and this fact led to the introduction of
nonlinear methods in SHM. In these methods, by monitoring the existence of nonlinear
behavior in a structure, it is possible to detect these types of defects in their early stage of
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development. Besides, the nonlinearity signatures can be used for quantification between
different levels of damage. In these approaches, two different actuators are used to excite
the structure at very low and high frequencies. The proposed method has the potential to
detect different types of the damages and it is not limited to the combination of a high and
a low frequency, which can simplify the selection of excitation frequencies.
In this study, in the first step, the heterodyne effect was used to identify the debonded
region when adhesives were used for joining. The debonded region between two coupons
was successfully detected with the application of the heterodyning effect. When the
excitation signals went through the well-bonded regions of two composite coupons, the
system behaved like a linear system and only the excitation frequencies appeared in the
response. However, a conspicuous spike appeared at the difference of the excitation
frequencies when the same excitation signals traveled through the specimen with the
debonded region. Since not every two frequency combinations can show similar interaction
with various types of defects, excitation of the system with a sweep sine wave was proposed
for identification of the practical excitation frequencies for the heterodyning method.
The same method was then used to evaluate the level of nonlinearity of composite plates
held together by different numbers of magnetic pairs. The heterodyne effect creates new
frequencies when the structure is excited with two appropriate excitation frequencies which
are resulted from nonlinearity in the system. The change of the compressive forces was
also detected with the proposed SHM method. The amplitude of the spike at the difference
frequency decreased when higher compressive forces were applied by increasing the
number of magnet pairs, which more effectively compressed the plates together.
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Lastly, for investigating the bond strength in composite materials, various contamination
levels in composite bonds were investigated using the heterodyning method. The change
in the size of the contamination between two composite panels was detected using both
SHM approaches. As a result, the heterodyne effect seems to be a promising approach in
the development of the effective system for composite bond inspection.
Implementation of the heterodyne effect introduces some advantages into SHM process.
First of all, since this method is not limited to the combination of a high and a low
frequency, the practical excitation frequencies can be selected conveniently. Besides, in
some cases, it would be possible to get rid of baseline or reference signal since the change
of the system characteristics from linear to nonlinear is the major concern although baseline
data may be used to identify the level of the nonlinearity. Finally, for future applications,
the excited region can be controlled electronically by selecting the excitation frequencies,
a number of waves and delay between the pulses at the exciters in order to localize the
inspection area.
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4.2.

Validation of heterodyning method using Comsol software

In this study, it was tried to validate the experimental result of the heterodyning method for
the detection of debonded regions by the help of a finite element software. Heterodyning
method is a structural health monitoring method that is developed for the detection of
various types of nonlinear damages including delamination, debonding and, crack. The
heterodyne effect may be utilized for the evaluation of debonded area when the linear
characteristics of the system change to nonlinear. The light contact in the bonding zone can
result in this conversion from linear to nonlinear behavior. The nonlinear system responds
to two appropriate excitation frequencies with new frequencies. For some nonlinear
systems, the output has these new frequencies at the subtraction and summation of
excitation frequencies. This is called heterodyne effect.
In this study, COMSOL was used to simulate the proposed heterodyne effect methods. It
was shown that in the presence of debonding the structure behaves like a nonlinear system
and new frequencies are generated. The new frequencies can be observed at the summation,
subtraction, and other harmonics of the excitation frequencies.

4.2.1. Introduction
Extracting information from the structural response and analyzing the data have always
been an enormous challenge in all structural health monitoring approaches. To facilitate
these procedures, it would be reasonable to use computational models in order to support
and validate our experimental results. By using numerical models, we are not only able to
reduce the costs and time during the development of structural health monitoring methods,
but also it is conceivable to improve the accuracy of the SHM approaches by considering
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more parameters associated to the systems. In recent years, there have been different
researches to simulate SHM techniques using piezoelectric (PZT) materials as sensors and
actuators [179-183]. Since the complexity of the structures can cause high computational
cost, most of the works in this area use the finite element method for thin plates and shells
structures to be considered as a surface [184-188].
Based on heterodyning effect, the response of a pristine structure to the excitation
frequencies only has the input frequencies. However, the response of a damaged structure
has the input frequencies and additional new frequencies at the summation, subtraction and
some other harmonics of the excitation frequencies [189-193].
A theoretical background for the heterodyne effect was explained in the previous chapter.
In this study, by considering a simple experimental setup including two plates staying on
top of each other to simulate a weak bond, debonding are detected through monitoring the
development of new harmonics at the difference of the excitation frequencies. COMSOL
Multi-physics software was utilized to develop a numerical model for the simulation of our
experimental setup.
4.2.2. Experimental setup
In this study, piezoelectric device module of COMSOL was used to simulate our
piezoelectric transducers which were used as both sensor and actuator. Figure 78 shows a
schematic of two mating thin aluminum plate with three cylindrical piezoelectric
transducers bonded to them. As it can be seen, two PZT transducers were attached on the
top aluminum plate where they are going to be the two single frequency exciters. On the
other side of the bottom layer, the sensing PZT was attached. AS it was explained in the
previous chapter, two separate signals with the different frequencies will be applied to the
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exciters and the receiver will collect the response of the system which gives us a mixture
of excitation frequencies, the summation, subtraction and some other harmonics of the
excitation frequencies in the presence of debonding between two plates.

Sensor

Exciters

Figure 80 Experimental setup

Table 3 Dimensions of plates and PZTs
Name

Value

Length of plates

0.28 m

Width of plates

0.08 m

Height of plates

0.004 m

Radius of PZTs

.01 m

Height of PZTs

0.002 m

Voltage

100 V

First excitation frequency

1.7E5 Hz

Second excitation frequency

1.9E5 Hz

The distance between two plates

0-0.012 um

In this study, two types of materials including aluminum and carbon fiber composite for
the two plates were investigated. The model was created in COMSOL’s piezoelectric
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device module and time domain and frequency domain study were used. Lead Zirconate
Titanate (PZT-4) with a density of 7500 kg/m^3 was the chosen material for PZT
transducers. The boundary condition of all four sides of the plates defined fixed constraints
and everywhere else was free. The lower surface of PZTs which is attached to the plates
was considered as ground with a zero charge and upper surface of exciters was charged
with the sin waves. The upper surface of the sensor was connected to the probe to be
monitored. As it can be seen in Figure below, the model meshed with free tetrahedral
elements when the minimum mesh size was set at 450 um and the maximum mesh size was
set at 10500 um.

Figure 81 Meshed structure

In the heterodyning method, the structure is excited with two single frequency signals and
the time domain response of the system will be captured. Then, the Fast Fourier Transform
(FFT) of the response signal will be calculated. To simulate this process, two separate
single frequency signals were applied to the PZT exciters and in time domain study, the
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response signal was captured. Then, by using the time to frequency study, the FFT of the
response signal was obtained.

4.2.3. Simulation results
In Figures below, the time and frequency domain plots for both input and output signals
from the probe points were shown. At first, just a single excitation signal was used in order
to show the transmission of a signal from one point to another on the surface of the plate.
Then, by using two excitation signals and changing the distance between two plates, the
concept of heterodyning effect method for bond inspection was investigated.

4.2.3.1.

Aluminum plates
In this setup, implementation of heterodyning method for two mating aluminum
plates with the density of 2700 kg/m^3, modulus of elasticity of 70GPa, and
Poisson’s ratio of 0.33 were investigated.
a) Single excitation
In order to illustrate the transmission of the wave on the surface of the plates,
the structure was excited using a single frequency signal. The excitation signal
was shown in Figures 80 and 81.
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Figure 82 time domain plot for single frequency excitation signal

Figure 83 frequency domain plot for single frequency excitation signal
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The time and frequency plot of the response signal for the single frequency excitation
signal was represented in Figures 82 and 83.

Figure 84 time domain plot for the response signal for single frequency excitation

Figure 85 frequency domain plot for the response signal for single frequency excitation
signal
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a) Double excitation
In this step, two PZTs on the top plate were used as exciters with frequencies
of 170 kHz and 190 kHz and 100V peak to peak voltage. The signal of the PZT
attached to the bottom plate was sampled at 1MHz. First, the response of the
structure was obtained when there was no distance between two plates which
means there is no debonding and as result no nonlinearity in the system.

Figure 86 response of the system when there is no debonding

In the next step, by adding a 0.005 um distance between two plates, a small debonding
between two layers was simulated. The frequency response of the system for the small
debonding was shown in Figure 85.
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Figure 87 frequency response of the system for 0.005 um distance between two plates

As it was expected, in presence of debonding, a small peak at the frequency of
difference of two excitation frequencies appeared. Then, the distance between two
plates was increased from 0.005 to 0.012 um to simulate a bigger debonding between
two layers. The frequency response of the structure for the new debonding was shown
in Figure 86.
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Figure 88 frequency response of the system for 0.012 um distance between two plates

As it can be seen, by increasing the distance between two plates the amplitude of the
peak at the frequency of difference of two excitation frequencies was increased.

4.2.3.2.

Composite panels
In another setup, the heterodyning method was utilized to investigate debonding
between two composite panels with the density of 160 kg/m^3, modulus of elasticity
of 70GPa, and Poisson’s ratio of 0.1.

a) Single excitation
First, the transmission of the wave on the surface of the composite panels was
tested when the structure was excited using a single frequency signal. The
excitation signal was shown in Figures 87 and 88.
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Figure 89 Time domain plot for single frequency excitation signal

Figure 90 Frequency domain plot for single frequency excitation signal

The time and frequency plot of the response signal for the single frequency excitation
signal is provided in Figures 89 and 90.
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Figure 91 Time-Frequency domain plot for single frequency excitation signal

Figure 92 Frequency domain plot for single frequency excitation signal
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b) Double excitation
This time, 220 kHz and 240 kHz with a 200V peak to peak voltage were chosen
as the excitation signals. The PZT attached to the bottom plate was used as the
sensor to sample the response signal using 1MHz sampling frequency. First, the
response of the structure was obtained when there was no distance between two
panels which means there is no debonding and as result no nonlinearity in the
system.

Figure 93 Time domain plot for double frequency excitation signals with no debonding
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Figure 94 Frequency domain plot for double frequency excitation signals with no
debonding

Then, in order to create nonlinearity in the system and simulate debonding in the
structure, 0.005 um distance between two composite panels was created and
expectedly, a small peak at the frequency of difference of two excitation frequencies
was appeared (see Figures 93 and 94).

Figure 95 Time domain plot for double frequency excitation signals with 0.005 um
debonding
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Figure 96 Frequency domain plot for double frequency excitation signals with 0.005 um
debonding

For the next step, the distance between two composite panels was increased from 0.005 to
0.012 um. The frequency response of the structure for the new debonding was shown in
the Figure below. As it can be seen, the amplitude of the FFT at the frequency of the
difference of the excitation frequencies was increased (see Figures 95 and 96).

Figure 97 Time domain plot for double frequency excitation signals with 0.012 um
debonding
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Figure 98 Frequency domain plot for double frequency excitation signals with 0.012 um
debonding

As it was shown in the table below, by increasing the distance between two aluminum and
composite plates, the amplitude of the spike at the frequency of the difference was
increased:
Table 4 Amplitude of the spike at the frequency of the difference
The amplitude of the spike at the frequency of the
difference

The distance between two
plates (um)
Aluminum

Composite

0

700

300

0.005

4400

900

0.012

5600

1600
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4.2.4. Conclusion
In nonlinear SHM methods, the transformation of the structure from the linear state into
the nonlinear state will be monitored since certain types of damage including debonding,
cracks and delaminations change the linear behavior of a structure into nonlinear.
In this study, the experimental result of the heterodyning method for the detection of
debonded regions was validated by the help of a finite element software. COMSOL Multiphysics software was utilized to develop a numerical model for the simulation of
heterodyning effect method when a simple experimental setup including two plates staying
on top of each other was created to simulate a weak bond.
The heterodyne effect created new frequencies when the structure was excited with two
appropriate excitation frequencies which are resulted from nonlinearity in the system. Then
debonding was detected through monitoring the development of new harmonics at the
difference of the excitation frequencies. As it was shown in the results, by an increase of
the distance between two plates, the amplitude of the spike at the difference frequency also
increased.
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CHAPTER 5
5.

5.1.

RESULTS AND DISCUSSION

Linear methods

In the linear method chapter, the possibility of using SuRE method for load monitoring
applications was validated first. A surface bonded piezoelectric disk was used as an exciter
and the laser scanning vibrometer and PZT transducer were used, respectively, as noncontact and contact approaches to recording response signals at scanning points. It was
observed that SuRE method shows a monotonic behavior to changes in applied load after
applying a different variation of loads. As it can be seen in tables below, by increasing the
applied loads, the SSD values have also increased, and reasonable sensitivity to change of
load was observed.

Table 5 Load monitoring using PZT for data collection
Load monitoring using PZT for
data collection

SSD values

Applied load (Increasing from F1 to F3)
F1

F2

F3

Single load

0.79

0.91

1

Sets of loads

0.63

0.89

1

Loose bolt

0.83

0.85

0.93
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Table 6 Load monitoring using laser vibrometer for data collection
Applied load (Increasing from F1 to F3)

Load monitoring using laser
vibrometer for data collection

SSD values

F1

F2

F3

Single load

0.81

0.91

1

Sets of loads

0.65

0.88

1

Loose bolt

0.83

0.855

0.93

In the next experimental setup, the possibility of using different damage indexes for the
SuRE method in the monitoring of milling operation was investigated. Although, it was
shown that SuRE method shows a decent sensitivity to the changes in both width and length
of milling operation (Table. 6), the possibility of using another criterion, instead of SSD,
in order to get rid of the need for baseline or reference signal, was studied (Table. 7). It was
observed that other criteria are not as sensitive as SSD value to the change of the length
and width of milling operation, but geometric mean, harmonic mean and 5th momentum
value could be a promising alternative for SSD value in SuRE method especially when the
baseline or reference signal is not available.

Table 7 SSD values in milling operation
SSD values
Length of the milling operation
Undamaged
10

9

10

9

3 in
50

100

75

76

4 in
77

125

190

105

150

5 in
155

170

215

110

220

160

215

180

170

The width of the milling operation
Undamaged
10

8

9

8

0.3 in
50

100

80

70

0.7 in
90

110

165

110
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150

1in
150

160

215

140

240

Table 8 5th Momentum result in central point
Length of the milling operation
5th Momentum
result in central
point

3 in

4 in

5 in

1250

2050

7700

The width of the milling operation
5th Momentum
result in central
point

0.3 in

0.7 in

1in

800

2700

9700

Finally, the surface response to excitation (SuRE) method was used for the detection of
simulated contamination between two composite plates as a linear SHM method and it was
reasonably sensitive to the changes of the contamination size.

Table 9 SSD values for different contamination sizes
Contamination sizes
bond inspection
SSD values

5.2.

6×6 cm

8×8 cm

10×10 cm

0.65

1.25

2.5

Nonlinear method

Since nonlinear SHM approaches show high sensitivity to small defects and based on
recent researches some types of damage including debonding and delaminations change
the linear behavior of structure into nonlinear, it nonlinear method chapter, the
heterodyning method was utilized to monitor nonlinear characteristics of a damaged
structure. In this study, three different scenarios were considered. In the first step, the
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heterodyne effect was used to identify the debonded region when adhesives were used for
joining and debonded region between two coupons was successfully detected (Table. 9).
Then, in order to evaluate the level of nonlinearity, two composite plates held together by
different numbers of magnetic pairs and the change of the compressive forces was also
detected with the proposed SHM method (Table. 10). In the last experimental result, the
heterodyning method was utilized as a nonlinear SHM method to investigate the bond
strength in composite materials when various contamination levels in composite bonds
were applied (Table. 11).

Table 10 Detection of debonding
Detection of
debonding

Bonded region

Debonded region

The amplitude of the
spike at f1-f2

0.00002

0.00008

Table 11 Evaluation of the compressive forces on the composite plates
Evaluation of the compressive
forces on the composite plates

Number of magnet pairs
Three pairs of
magnets

Five pairs of
magnet

Seven pairs of
magnet

-73 dB

-77 dB

-80 dB

Amplitude of the spike at f1-f2

Table 12 Detection of different sizes of contamination
Detection of different
sizes of contamination
Amplitude of the spike at
f1-f2

Contamination sizes
6×6 cm

8×8 cm

10×10 cm

0.00001

0.000056

0.000075
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As a result, the heterodyne effect seems to be a promising approach in the development of
the effective system for composite bond inspection.

Detection
of
debonding

Heterodynin
g method
Detection of
different sizes
of
contamination

Strength of
the bond

5.3.

Comparison

The majority of available wide range frequency approaches such as SuRE method are based
on monitoring linear characteristics of structures. In this approach, the analysis is mainly
performed in frequency domain since the response cannot be easily interpreted in the time
domain. As it was shown in linear method chapter, SuRE method can be effectively used
for load monitoring, damage detection and also composite bond inspection applications,
however, there is always a need for baseline and reference data in this method. Attempts
to remove the need for prior knowledge information by means of various signal processing
techniques failed to produce results with the same accuracy.
On the other hand, the nonlinear SHM approaches, such as heterodyning method, monitor
nonlinear characteristics of a damaged structure. There is no need for baseline data in these
methods and they show higher sensitivity to small defects. However, they also have their
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own drawbacks. They are only sensitive to the specific type of damages that change the
linear behavior of structure into nonlinear. Besides, since sensitivities of different
frequencies to various potential damages are not the same, selecting the appropriate
excitation frequency that fits a particular type of the defect is essential.
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CHAPTER 6
6.

6.1.

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

Structural health monitoring methods can be a significant help for the detection of the
structural defects in early stages and they play a pivotal role in maintaining the required
level of integrity and safety in various industries. Development of more accurate and costeffective SHM techniques has been a challenge for researchers in last few years.
In this thesis, a broad range of researches in structural health monitoring (SHM) and their
applications in various industries such as aerospace and mechanical structures were
investigated. Firstly, in the introduction chapter, motivations and basic concepts were
explained and investigation performed by several researchers were reviewed. Then, as the
main goal of this dissertation, in order to improve the existing SHM approaches for new
applications and also develop a reliable and cost-effective SHM system, various scenarios
for fault detection were designed. Since ceramic piezoelectric wafer transducers are mostly
smaller cheaper, and more compact compared to the common transducers which used in
SHM methods, PZT transducers were chosen as actuators and sensors for all experimental
setups.
The major contributions resulting from the research in this thesis are listed below:
1) Surface response to excitation (SuRE) method has been established as a low-cost
alternative for Electromechanical Impedance method. Since It has been shown in
several types of research that the dynamic response of the structure is not only
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sensitive to defects but it is also sensitive to loading, in this study, the possibility of
using SuRE method for load monitoring applications was investigated
2) By using PZT and laser vibrometer as a sensor for recording the response of the
system, it was shown that the result from contact and non-contact sensors are
conspicuously similar in pattern except for the fact that the amplitude of the laser
response is so much smaller than the amplitude of PZT response. it implies that the
massive networks of surface bonded sensors that are normal in impedance-based
monitoring of large structures could be avoided by using non-contact sensors. As a
result, the SuRE method seems to be a promising approach in the development of
non-contact load monitoring systems especially for applications that bonded
sensors will interfere with their normal performance.
3) In this study, the modification of the SuRE method was attempted by evaluating
the possibility of using different damage indexes instead of the sum of the square
of difference (SSD) in the monitoring of milling operation in order to get rid of the
need for baseline or reference signal. Several signal processing functions were
tested. As a result, geometric, harmonic mean, and 5th momentum values were
found a promising alternative for SSD value in SuRE method especially for some
applications that the baseline or reference signal is not available.
4) Since some specific defects including debonding, cracks and delaminations change
the linear behavior of a structure into nonlinear, in recent years, the nonlinear
methods in SHM were introduced. In these methods, by monitoring the existence
of nonlinear behavior in a structure, it is possible to detect these types of defects in
their early stages. Besides, the nonlinearity signatures can be used for quantification
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between different levels of damage. In the existent nonlinear methods, two different
actuators are used to excite the structure at very low and high frequencies and there
is no systematic approach for the selection of excitation frequencies. In this study,
heterodyning effect method was proposed which has the potential to detect different
types of the damages and it is not limited to the combination of a high and a low
frequency, which can simplify the selection of excitation frequencies.
5) High strength-to-weight ratio and durability against corrosion, makes composite
materials a prefer choice in high tech applications. Adhesives or fasteners are the
most common ways for linking these materials. In this study, the heterodyne effect
was used to identify the debonded region between two composite panels which
were bonded together using adhesives. Besides, the same method was used to
investigate the bond strength between two composite panels by evaluating the level
of compressive force that holds two composite plates together.
6) Since the partial separation of bonded regions or their delamination drastically
reduce the strength of the composite structures and it may lead to failure, in this
study, the change in the size of the contamination between two composite panels
was examined using the SuRE and heterodyning method.
7) To reduce the costs and time during the development of structural health monitoring
methods and also improve its accuracy, it would be reasonable to use computational
approaches to validate the experimental results. In order to validate the
experimental result of the heterodyning method for the detection of debonded
regions, in this study, a finite element software (Comsol) were utilized.
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6.2.

Recommendations for Future Research

In this dissertation, the SuRE method was modified in order to eliminate the need for
baseline data and also a heterodyning method for inspection of composite bonds was
developed. I also used Comsol simulation for validation of the heterodyning method. There
are still several matters worthy of consideration to further advance in this study. Suggested
directions for future research are listed below:
1) In this study, the SuRE method was used for load detection, part-based monitoring
and also the quantification of different applied loads and severities of damages by
the help of single or multiple sensing points in the small aluminum plates. Since
the SuRE method was originally developed for the monitoring of the damage for
thin plates, by using larger plates to avoid the waves coming from the edge of the
plates, it would be possible to improve the accuracy of the method.
2) It was shown that scanning laser vibrometer is able to be used as a non-contact
sensing approach for the SuRE method. By using multiple scanning points with
help of the scanning laser vibrometer, the future work should focus on the
estimation of the location of the load or defect.
3) By looking at the result of the SuRE method for the part-based monitoring and with
the help of multiple sensing points, the method has the potential to be used for the
detection of the corrosion in molds.
4) Heterodyning effect method was utilized for the detection of delamination in
composite bonds. The pairs of strong magnets were employed for the simulation of
the adhesively bonded composite panels. This method can be applied to real
adhesively bonded composite panels.
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5) Considering the frequency of difference used in heterodyning effect method, which
is in the audible range, it would be possible to using this approach for sensor free
detection of nonlinear behavior in composite structures.
6) Future investigations on the localization of delamination should be another area for
the future work regarding the heterodyning effect method to focus on.
7) Simulation models can provide the opportunity to investigate the other parameters
that may have a significant effect on the results. The effect of size and shape of the
piezoelectric transducers on the wave transition can be studied. Also,
implementation of heterodyning effect for different type of materials and various
kind of composites must be studied.
8) By using COMSOL models, it would be possible to explore the implementation of
heterodyning effect method for more complicated and realistic scenarios when the
structure is not as simple as two mating plates.
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